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Patients with breast cancer which lack molecular targets, such as human epidermal growth factor 
receptor 2 (HER2) or hormone receptors, have limited access to targeted therapies. Somatostatin 
receptor 2 (SSTR2) is overexpressed in some cancers, and SSTR2-targeted radiopharmaceuticals 
are FDA-approved for theranostic targeted imaging and therapy in neuroendocrine tumors (NETs). 
Importantly, histone deacetylase (HDAC) inhibitors can epigenetically modulate SSTR2 expression 
in NETs with low or variable basal expression. The goal of this study is to characterize SSTR2 basal 
expression and induction via HDAC inhibition as a potential target for imaging and therapy in 
preclinical models of triple-negative breast cancer (TNBC). SSTR2 expression in mouse samples was 
assessed via Western blot and immunohistochemistry. Real-time quantitative PCR (qRT-PCR), flow 
cytometry, and cell binding assays were utilized to determine if HDAC inhibition can upregulate 
SSTR2 expression. [68Ga]Ga-DOTATATE positron emission tomography (PET) imaging, which targets 
SSTR2, was used to non-invasively characterize SSTR2 expression and variability in the EO771 and 
4T1 TNBC models before and after HDAC inhibition. These studies demonstrate that HDAC inhibition 
can upregulate SSTR2 at the transcriptional, translational, and functional levels in breast cancer. 
Importantly, SSTR2 expression can be characterized non-invasively via PET imaging and modulation 
with HDAC inhibitors can be monitored longitudinally. Our findings highlight SSTR2 as a promising 
therapeutic molecular target in TNBC.
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Breast cancer (BC) is the most common female cancer globally, with 10–20% of those cases being triple-
negative1,2. TNBC, an aggressive and highly heterogeneous subtype of BC, is characterized by the absence 
of molecular targets found in other subtypes of BC including estrogen receptor (ER), progesterone receptor 
(PR), and HER23,4. Due to the lack of therapeutic targets, there are currently no approved targeted therapies 
for patients with TNBC4–6. Current standard-of-care treatments have improved survival but are only effective 
in a small percentage of patients7–9. Therefore, identifying novel, targetable biomarkers in breast cancer are of 
interest.

Somatostatin receptors are overexpressed in some cancer tissues and there are clinically approved theranostic 
agents available for NETs. SSTR2 is a good potential molecular target for imaging and therapy due to its low 
expression in normal tissues10,11. PET imaging can non-invasively inform on molecular signatures within 
tumors, creating biomarkers of response or characterizing targets for therapy. Importantly, we can obtain 
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quantitative metrics about underlying tumor biology to characterize tumors including glucose metabolism, 
cell proliferation, and receptor expression12–15. Specifically, SSTR2 expression can be evaluated non-invasively 
through PET imaging with the compound DOTATATE, a somatostatin analogue, which has high affinity for 
SSTR216. Importantly, overexpression of SSTR2 can be targeted using theranostic approaches, which combines 
imaging with the delivery of therapy; currently, the radiotherapeutic [177Lu]Lu-DOTATATE or LUTATHERA® 
is FDA-approved for use in NETs11,17–21.

Clinically, patients with NETs which have high expression of SSTR2 (> 50% SSTR2 + from biopsy) are 
good candidates to receive targeted imaging and therapy with the FDA-approved somatostatin analogue 
radiopharmaceutical, LUTATHERA®11,22. Clinical trials are ongoing in hepatocellular carcinoma (NCT03648073), 
neuroblastoma (NCT05109728 and NCT03966651), meningioma (NCT03971461 and NCT04082520), and 
glioblastoma (NCT05109728), metastatic thyroid cancer (NCT04927416), and advanced or recurrent breast 
cancer (NCT04529044), highlighting the potential benefit of this target in other cancers. Some studies have found 
that SSTR2 expression strongly correlates with estrogen and progesterone hormone receptors, but expression is 
highly variable due to inter- and intra-tumoral heterogeneity23–26. To date, there have been a limited number of 
studies which suggest some subtypes, primarily luminal (ER + and or PR +) breast cancers, overexpress SSTR2, 
but there are a relatively limited number of case studies looking at SSTR2 expression27–30. Our study aims to 
characterize SSTR2 expression as a biomarker for targeted imaging and therapy in preclinical models of triple-
negative breast cancer.

As promising as SSTR2 is as a target, many patients with breast cancer do not overexpress SSTR2 and 
expression is variable across studies31,32. However, histone deacetylase (HDAC) inhibitors have been shown 
to upregulate SSTR2 expression and therapeutic modulation can provide a potential target for imaging and 
therapy33. HDAC inhibitors prevent the removal of acetyl groups from histones, thereby leaving these histones 
transcriptionally active and epigenetically altering downstream pathways34,35. Notably, the use of HDAC 
inhibitors to upregulate SSTR2 expression has been well-established at the transcriptional, translational, 
and functional levels in neuroendocrine models10,33,36–39. Not only can HDAC inhibitors upregulate SSTR2 
for imaging, but these drugs are also known to sensitize aggressive, invasive tumors to radiation therapy by 
repressing DNA repair pathways, thereby inducing cancer cell death7,35,40,41. There are currently many clinical 
trials exploring the combination of HDAC inhibitors with radiation therapy42–49. Taken together, these studies 
and our data presented in this manuscript highlight the potential synergy and benefits HDAC inhibition may 
have in combination with radiotherapy in triple-negative breast cancer.

Our study aimed to characterize SSTR2 expression in preclinical models of TNBC, in addition to investigating 
the potential of HDAC inhibitors to upregulate SSTR2 to serve as a biomarker for targeted imaging and therapy 
in tumors with low or variable basal expression. We initially quantified baseline levels of SSTR2 in two syngeneic 
models of breast cancer and demonstrated how HDAC inhibition can upregulate SSTR2 expression at the mRNA, 
protein, and protein-binding levels, thereby creating a molecular target for imaging and targeted radiotherapy. 
Additionally, we have investigated the feasibility of quantifying SSTR2 expression in breast cancer models non-
invasively via PET imaging before and after HDAC inhibitor treatment. HDAC inhibitors have potential to 
upregulate SSTR2 expression as a biomarker of interest for image-guided delivery of radiotherapy to improve 
treatment response and reduce off-target therapeutic effects. Our approaches have the potential to be highly 
translational, with application in clinically relevant models. These studies have future clinical impact to provide 
a novel, targetable molecular approach to increase therapeutic response and improve survival for patients with 
difficult to treat breast cancer tumors.

Materials and methods
Cell culture
4T1, EO771, and TS/A mouse mammary carcinoma cells and H727 pulmonary NET cells were purchased from 
American Type Culture Collection (ATCC Manassas, VA). Cells were cultured in either RPMI 1640 medium 
(4T1) or phenol-free DMEM (EO771, TS/A) (Thermo Fisher Scientific, Waltham, MA) supplemented with 
10% (v/v) fetal bovine serum (FBS, Biotechne S12450H), 1% (v/v) penicillin/streptomycin, 1% (v/v) sodium 
pyruvate, and 1% (v/v) L-glutamine and grown at 37 °C with 5% CO2. Cells were cultured to 70–80% confluency 
and all cell counts were determined using a hemocytometer (Hausser Scientific) with trypan blue dye (Thermo 
Fisher Scientific Inc., Waltham, MA) exclusion to assess cell viability. 4T1 and EO771 TNBC cell lines were 
confirmed for ER-/PR-/HER2-expression via Western blot.

qRT-PCR to quantify mRNA expression of SSTR2
RNA samples were isolated from EO771 and 4T1 cells using RNeasy Plus Mini kit (Qiagen, Hilden, Germany). 
RNA concentrations were determined using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific). 
RNA samples which have the ratio of absorbance at 260 nm and 280 nm greater than 2.0, deemed as sufficient 
RNA purity, were used in the experiments. Complementary DNA (cDNA) was synthesized using iScript RT 
Supermix (Bio-Rad 1708841) and 1 μg total RNA was used in each sample. PCR samples were prepared using 
SYBR Green master mixes (Bio-Rad 1725150). Real-time quantitative PCR was performed in triplicate on CFX 
Connect Real-Time PCR Detection System (Bio-Rad). The sequences of the PCR primers used for the analysis 
of mRNA expression of SSTR2 in this experiment are forward: ​C​A​A​G​C​A​A​T​G​G​C​T​C​C​A​A​C​C​A​G​A​C, reverse: ​C​
T​T​G​G​C​A​T​A​G​C​G​G​A​G​G​A​T​G​A​C​A (Origene MP215984). Target gene expression was normalized to GAPDH, 
and the ΔΔCt method50 was used to calculate relative fold changes in gene expression.

Flow cytometry to quantify cell surface SSTR2 expression
Cultured EO771 and 4T1 cells (2.5 × 105) were seeded in 12-well plates, allowed to adhere overnight, then treated 
with varying doses (0–15 µM) of suberoylanilide hydroxamic acid (SAHA, Sigma Aldrich SML0061) or 0.2% 
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(v/v) dimethyl sulfoxide (DMSO, Fisher Scientific BP231-100) as a control diluted in growth medium for 24 h. 
After 24 h, media was aspirated, and cells were washed with 1X phosphate-buffered saline (PBS, Gibco 10–010-
049) and isolated using 0.25% (v/v) Trypsin (Corning 25–054-CI). Trypsin was neutralized using complete 
growth medium and cell viability was assessed via trypan blue exclusion method. For each sample, 5 × 105 cells 
were then resuspended in fluorescent-associated cell sorting (FACS) buffer consisting of 1% (v/v) bovine serum 
albumin (BSA, Sigma Aldrich A4737), 1% (w/v) sodium azide (Sigma Aldrich S2002) in 1X PBS (Gibco 10–
010-049). Cell surface staining was performed using fluorophore-conjugated antibodies incubated at 4 °C for 
30 min in the dark. Antibodies include the following: LIVE/DEAD-NIR (Thermo Fisher L34975, 1:150 dilution) 
and FITC-SSTR2 (Novus 402038, 1:32 dilution). Following cell staining, two wash procedures were performed 
using 1X FACS buffer before final resuspension and data acquisition. Data was acquired using an Attune NxT 
flow cytometer (Thermo Fisher Scientific) and subsequent analysis was performed with FlowJo version 10.6.2 
software.

Western blot to quantify SSTR2 protein levels
Cell lysates from mouse mammary carcinoma (TNBC EO771, TNBC 4T1, ER + TS/A) cells and H727 NET cells 
as a positive control were isolated using radio-immunoprecipitation (RIPA) lysis buffer with added protease 
inhibitors and phosphatase inhibitors (Pierce 89900, A32953, A32957). Protein concentrations were determined 
using Pierce Gold BCA Protein Assay Kit (Thermo Fisher Scientific A53226). Samples were prepared with 4X 
lithium dodecyl sulfate (LDS) sample buffer (Fisher Scientific NP0007) and contained 20 µg of total protein. Prior 
to gel electrophoresis, samples were heated at 95 °C for 10 min and centrifugated for 30 s. Samples and molecular 
weight markers were loaded into Mini-PROTEAN TGX precast gels (BioRad 4561096) and run at 100 V for 
90 min. Proteins were transferred to Midi 0.2 µm polyvinyl difluoride (PVDF) membranes (BioRad) using the 
Trans-Blot Turbo Transfer System (BioRad) Standard Molecular Weight protocol for 30 min. Antibodies were 
diluted in 5% non-fat milk and dilutions include the following: SSTR2 mouse monoclonal antibody (A-8) with 
a dilution of 1:500 (Santa Cruz sc-365502), horseradish peroxidase (HRP)-conjugated monoclonal anti-mouse 
antibody with a dilution of 1:1000 (Cell Signaling Technology 7076s), and HRP-conjugated mouse monoclonal 
anti-beta actin antibody [AC-15] with a dilution of 1:2000 (Abcam ab49900). Molecular weight markers include 
MagicMark™ XP Western Protein Standard (Thermo Fisher LC5602) and Precision Plus Protein™ WesternC™ 
(BioRad 1610376). Western blot semi-quantitative values were obtained using ImageJ and SSTR2 expression 
(67–87 kDa) was normalized to the loading control beta-actin (42 kDa) and referred to in terms of relative 
intensity as previously reported51.

[68Ga]Ga-DOTATATE/[52Mn]Mn-DOTATATE synthesis and radiolabeling
For all studies DOTA–d-Phe–Cys–Tyr–d–Trp–Lys–Thr–Cys-Thr (Macrocyclics C-220), or DOTATATE, was 
purchased commercially and was dissolved in water at a concentration of 5  mg/mL. To produce [68Ga]Ga-
DOTATATE, a 68Ge/68Ga generator (Eckert & Ziegler, Berlin, Germany) was eluted with 10 mL of 0.1 M HCl 
at a rate of 1 mL per minute and concentrated on a Strata-X-C SCX cartridge (Phenomenex, Torrance, CA). 
After drying, the gallium-68 was eluted from the cartridge using 400 µL of acetone into a vial containing 300 µL 
NaOAc (0.5 M, pH 3.5), and 6.4 µL of DOTATATE. The labeling reaction vial was heated at 98 °C while shaking 
at 300 rpm for 10 min. Radiochemical purity was assessed using instant thin layer chromatography (iTLC) paper 
and run in 50% (v/v) methanol and 5% (w/v) ammonium acetate in water on an AR-2000 Imaging Scanner 
(Eckert and Ziegler, MA, USA).

To create [52Mn]Mn-DOTATATE, manganese-52 was produced through natCr(p,n)52Mn nuclear reaction by 
irradiation of natural chromium targets on a TR24 cyclotron, as previously reported52,53. Following purification 
through ion exchange chromatography, 3.7 MBq (100 µCi) of [52Mn]MnCl2 was added to a vial containing 100 
µL ammonium acetate (0.25 M, pH 4.5) and 5.5 nmol of DOTATATE. The labeling reaction vial was heated at 
90 °C while shaking for 30 min. Radiochemical purity was assessed using instant thin layer chromatography 
(iTLC) analysis by using sodium citrate (0.1 M, pH 5) as mobile phase, as previously reported54.

Cell binding assays to evaluate uptake of clinically relevant somatostatin analogues
Cells (2.5 × 105) were seeded in 12-well plates, allowed to adhere overnight, then treated with varying doses 
(0–15 µM) of suberoylanilide hydroxamic acid (SAHA, Sigma Aldrich SML0061) diluted in growth medium. 
After 24 h, media was aspirated, and cells were washed with 1X phosphate-buffered saline (PBS, Gibco 10–010-
049). PBS was replaced with a solution containing 10 nM DOTATATE in growth medium and incubated at 
37 °C for 1 h. After 1 h, cells were washed twice with 1X PBS and lysed using 200 µL NaOH. Cell lysates were 
transferred to 1.5 mL Eppendorf tubes for analysis on a Hidex Gamma Counter (Turku, Finland) and read for 
1 min each to determine [52Mn]Mn-DOTATATE uptake. Subsequently, protein concentrations for each lysate 
were determined using Pierce Gold BCA Protein Assay Kit to normalize DOTATATE uptake per milligram of 
protein.

Animal models and treatment schema
All animal work was performed in accordance with guidelines and regulations of UAB’s Institutional Animal 
Care and Use Committee (IACUC) and Animal Resources Program (ARP). This facility is state-licensed and 
fully accredited by the American Association for Accreditation of Laboratory Animal Care (AAALAC). All 
procedures using animal subjects are approved by UAB’s IACUC under animal protocol number (APN) 08778. 
Reporting of experiments using animal subjects are compliant with ARRIVE guidelines.

All procedures using animal subjects including housing, tumor inoculation, treatment administration, 
imaging, anesthesia via isoflurane, euthanasia via primary over-administration of 5% isoflurane and secondary 
cervical dislocation, and collection of biological materials are approved under APN 08778. Animals were 
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anesthetized during tumor inoculation, radiopharmaceutical administration, and imaging procedures. 5 × 105 
EO771 cells in 20% Matrigel (Corning 356234) and saline or 2 × 105 4T1 cells in saline were implanted into the 
third mammary fat pad of female C57BL/6 or BALB/c mice, respectively. Mice bearing EO771 or 4T1 TNBC 
tumors entered the study upon reaching tumor volumes of 100–300 mm3, referred to as day 0. Mice were 
randomized into treatment groups using a random number generator with quality checks to ensure equal tumor 
volume distributions between groups at baseline. Mice were treated with either saline control (n = 4) or single-
agent SAHA (n = 12 EO771, n = 17 4T1) every 3 days via intraperitoneal injection beginning on Day 0. Dosing 
strategies of HDACi include 25 mg/kg suberoylanilide hydroxamic acid (SAHA, Sigma Aldrich SML0061) for 
EO771 tumor-bearing mice and 50 mg/kg 4T1-tumor bearing mice based on IC50 concentrations. Endpoints for 
tumor-bearing animals include sustained tumor volume of 2000 mm3, 20% loss of body weight, or euthanasia at 
pre-determined time points of interest for biological validation.

[68Ga]Ga-DOTATATE-PET/CT imaging and analysis
Mice were imaged with [68Ga]Ga-DOTATATE, a radiolabeled somatostatin analogue which binds with the 
highest affinity to SSTR2, on day 0 and 7 of treatment, respectively. Tumor-bearing mice (n = 16 for EO771, 
n = 21 for 4T1) received 100 ± 20  µCi [68Ga]Ga-DOTATATE (1  µg) formulated with sterile saline to a final 
injection volume of 100 µL per mouse. To allow time for accumulation in tissues of interest, doses circulated 
systemically for 60 min and then a 20-min Ga-68 static PET image was obtained followed by a 5-min computed 
tomography (CT 80 kVp) scan. PET/CT images were acquired using a GNEXT preclinical µPET/CT (SOFIE, 
Culver City, CA). PET images were reconstructed using a 3D OSEM algorithm with attenuation corrections 
and CT images were reconstructed using modified Felkamp algorithm. Regions of interest (ROIs) were drawn 
based on the anatomical CT reference images. Imaging occurred at baseline and 24 h following treatment with 
the pan-HDAC inhibitor SAHA. Mean and frequency histograms of standardized uptake value (SUV) were 
quantified using VivoQuant, a preclinical image processing software (v.4.0; Boston, MA). SUVs were calculated 
using the following formula: SUV = C / (dose/weight) where C is the tissue radioactivity concentration, dose is the 
injected dose, and weight is body weight of the mouse in grams. Background ROIs were drawn in the left atrium 
and contralateral quadricep muscle of each animal for standard tissue to normalize SUV uptake in the tumor. 
Kidney and blood SUV uptake and quantification was performed to evaluate secondary kinetics. Histogram data 
of voxel-wise SUV metrics from the tumor was converted to frequency data (normalized by number of voxels 
per tumor) and analyzed to quantify average uptake in high expression regions, as previously reported55.

Immunohistochemical analysis to quantify tumor SSTR2 expression
Tumor samples were collected and fixed with 10% buffered formalin overnight at room temperature. Paraffin 
embedding and 5 µm-thick slicing of tumor samples were performed in the UAB Pathology Core Research Lab. 
Hematoxylin and eosin (H&E) staining was performed as previously reported56. Immunohistochemical (IHC) 
analysis was performed to assess SSTR2 expression. Paraffin was removed using xylene (Fisher HC-700-1GAL) 
and slides were rehydrated through gradual ethanol dilution. Antigen retrieval was performed by microwaving 
slides at 100 °C for 10 min in 1X citrate buffer (Abcam ab93678). Slides were incubated in 3% H2O2 to block 
endogenous peroxidase activity and non-specific binding was prevented using blocking buffer composed of 
1X PBS with 3% serum (w/v) and 0.3% (w/v) Triton X-100 (Sigma Aldrich X100-5ML). Primary antibody for 
anti-somatostatin receptor 2 (Anti-somatostatin receptor 2 [UMB1] C-terminal, Abcam ab134152) was diluted 
1:200 in blocking buffer and incubated overnight at 4 °C. The next day, slides were incubated for 1 h at room 
temperature with secondary antibody diluted 1:500 in blocking buffer (Goat anti-rabbit IgG, Pierce 31820). 
Subsequently, slides were incubated in HRP-conjugated streptavidin (ThermoFisher N100) diluted 1:10,000 for 
30 min at room temperature and developed using DAB (3,3'Diaminobenzidine) substrate exposure for 2 min 
(Abcam ab64238). Negative controls for the immunostaining procedure were conducted by omission of the 
primary antibody. Slides were imaged using EVOS M7000 system and subsequent analysis of positive IHC 
staining of the whole section was completed through automated MATLAB algorithms, as previously reported57. 
IHC samples were auto-segmented and images were transformed from RGB to HSV color space followed by the 
application of a saturation mask. Otsu’s method was applied to separate positive from negative staining and the 
percentage of positive staining was defined as: % positive staining = (total no. positively stained pixels) ÷ (total no. 
tumor pixels with noise and background removed) X 100.

Statistical analysis
An independent t-test was used to determine differences between EO771 and 4T1 models. A one-way 
independent ANOVA with Bonferroni correction was used to assess differences in treatment groups for 
transcriptional, translational, and functional analyses. Differences across treatment groups and differences in 
imaging metrics were assessed using a non-parametric independent t-test. Differences between days including 
imaging metrics, body weight, and Log-rank tests were performed to determine differences in overall survival 
curves compared to control for each model. P values < 0.05 were considered significant.

Results
Baseline expression of SSTR2 varies across mouse mammary carcinoma cell lines
Basal SSTR2 expression varied among mouse mammary carcinoma cell lines but did show positive expression at 
some level in each breast cancer cell line (Fig. 1a). SSTR2 (~ 76 kilodaltons, kDa) was expressed at relatively low 
levels in 4T1 (0.43 RU, relative unit) and TS/A (0.36 RU) cells when normalized to beta-actin (42 kDa). SSTR2 
expression for EO771 cells was 1.01 relative units and which was comparable to the positive control, H727 at 
1.36. (Fig. 1a). Full length Western blot data for SSTR2 shows a range of sizes for SSTR2, which we attribute to 
post-translational modifications, including glycosylation, and the formation of homo- and hetero-dimers among 
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subtypes, in addition to plasma membrane and cytosolic fractions of this receptor, which have been reported 
previously58,59. Current literature in NETs demonstrates that HDAC inhibitors can modulate SSTR2 expression 
even in cell lines with moderate basal expression, such as H72736,37. We observed that EO771 cells had similar 
basal expression to H727 cells, and even less in 4T1 cells. Therefore, 4T1 and EO771 TNBC cells were chosen 
as the primary lines of interest to further characterize modulation of SSTR2 expression. To determine whether 
SSTR2 is expressed in vivo we performed immunohistochemistry staining of SSTR2 in untreated EO771 and 
4T1 tumors (Fig. 1b). We observed similarly to in vitro data, that EO771 tumors had relatively high SSTR2 
expression and 4T1 tumors had low expression. Quantification of SSTR2 staining via custom-made MATLAB 
code showed that EO771 tumors had significantly increased SSTR2 compared to 4T1 tumors, as previously 
described57. Quantification also showed that SSTR2 expression was heterogeneous for both models (Fig. 1c). 
Finally, we determined cell uptake of DOTATATE, a clinically relevant somatostatin analogue which binds 
with high affinity to human SSTR2. We performed a cell binding assay with EO771 and 4T1 cells at different 
concentrations of DOTATATE radiolabeled with Mn-52 (Fig. 1d). Cellular uptake of [52Mn]Mn-DOTATATE 
shows that EO771 cells have significantly higher uptake compared to 4T1 cells at 0.001 µg (p = 0.0003), 0.01 µg 
(p = 0.0004), and 0.1 µg (p = 0.0087) of DOTATATE. In addition, the binding assay demonstrated the potential 
for targeted imaging of SSTR2 as a biomarker for breast cancer in vivo. Taken together, these results suggest 
that EO771 tumors have higher expression of SSTR2 compared to 4T1 tumors. Overall, SSTR2 is expressed in 
syngeneic murine breast cancer cell lines and though expression is heterogeneous, SSTR2 may be a promising 
biomarker for imaging and therapy in breast cancer.

PET imaging reveals differences in SSTR2 expression among murine breast cancer models
After establishing basal expression of SSTR2 in murine TNBC cell lines and tissues, [68Ga]Ga-DOTATATE 
PET imaging was utilized to determine whether SSTR2 in breast cancer can be evaluated non-invasively in 
vivo. [68Ga]Ga-DOTATATE imaging demonstrated that both EO771 and 4T1 tumors have tracer uptake in 
naïve, untreated animals, and that EO771 tumors had visually higher uptake compared to 4T1 tumors (Fig. 2a). 
Frequency histograms of the distribution of [68Ga]Ga-DOTATATE were used to compare model-dependent 
differences in SSTR2 expression across the entire tumor while accounting for potential differences in tumor 
volume. Histogram analysis revealed high heterogeneity of SSTR2 in EO771 and 4T1 tumors, as seen by 
wide shifts in the frequency histograms for each model (Fig. 2b). The distribution of DOTATATE uptake for 

Fig. 1.  Baseline SSTR2 expression varies in mouse mammary carcinoma cell lines. (a) Representative Western 
blot showing mouse mammary carcinoma cell lines basal expression of SSTR2 (~ 76 kDa) relative to β-actin 
(42 kDa). ThermoFisher MagicMark XP ladder is in the left lane and H727 pulmonary NET cells are used as 
a positive control. (b) Immunohistochemical data showing somatostatin expression in untreated syngeneic 
EO771 (top) and 4T1 (bottom) mouse breast cancer tumors with matched hematoxylin and eosin slides. 
Scale bar represents 50 µm. (c) Quantification of SSTR2 IHC staining in untreated EO771 and 4T1 tumors via 
MATLAB code (n = 7). (d) Cellular uptake of [52Mn]Mn-DOTATATE shows EO771 cells have significantly 
higher uptake compared to 4T1 cells (p = 0.0003 for 0.001, p = 0.0004 for 0.01, p = 0.0087 for 0.1). Uptake was 
normalized to milligram of protein and represented as % cell uptake/mg of protein (n = 4 per group).
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both models was platykurtic, however, the distribution in 4T1 tumors was positively skewed compared to the 
distribution in EO771 tumors (Fig. 2b). Evaluating the highest voxels within the tumor frequency distributions 
demonstrated that EO771 tumors have significantly higher SUV in the top 10% (left, p = 0.0014) of their 
distributions compared to the 4T1 model (Fig. 2c). Overall, PET imaging showed that EO771 tumors had higher 
expression of SSTR2 at baseline compared to 4T1 tumors, but both tumor models show heterogeneity in their 
distributions for SSTR2 expression.

Expression of SSTR2 can be upregulated by treatment with HDAC inhibition at the 
transcriptional, translational, and functional levels
We determined the cytotoxic effects of HDAC inhibition on murine triple-negative breast cancer cell lines 
and established the half-maximal inhibitory concentration (IC50) of the pan-HDAC inhibitor, suberoylanalide 
hydroxamic acid (SAHA), to be 3.53  µM for EO771 cells and 17  µM for 4T1 cells (Supplemental Fig.  1). 
Following establishment of IC50 concentrations, we performed in vitro assays to determine the effects of SAHA 
on SSTR2 expression in both syngeneic models at the transcriptional, translational, and functional levels. qRT-
PCR revealed that SAHA treatment increases transcriptional expression of SSTR2 compared to control by up 
to 4 × for EO771 (Fig. 3a, p < 0.0001 for 1.7 µM and 3.3 µM) and up to 8 × for 4T1 (Fig. 3b, p = 0.001 for 3 µM, 
p = 0.0009 for 5 µM). SSTR2 is upregulated transcriptionally by treatment with HDAC inhibitors, particularly 
SAHA. Western blot analysis revealed that whole cell protein expression of SSTR2 increases with increasing 
doses of SAHA for both EO771 and 4T1 cell lines (Supplemental Fig. 2). Mean fluorescent intensity of SSTR2 
from flow cytometry assays shows significant increases in SSTR2 cell surface receptor expression after SAHA 
treatment for both EO771 (Fig. 3c, p < 0.0001) and 4T1 cells (Fig. 3d, p = 0.0001). SSTR2 protein expression 
was significantly increased by treatment with HDAC inhibitor, SAHA. Using a cell binding assay with [52Mn]
Mn-DOTATATE, EO771 cells showed significant increases in DOTATATE uptake up to 200% cell uptake per 
milligram of protein after treatment with SAHA for 24 h (Fig. 3e, p = 0.002 for 1.7 µM, p < 0.0001 for 3.3 µM). 
4T1 cells showed significant increases in uptake of DOTATATE after SAHA treatment with up to 120% cell 
uptake per milligram of protein (Fig. 3f, p < 0.0001 for 3 µM and 5 µM). Interestingly, the uptake of DOTATATE 
seemed to plateau for this cell line, suggesting there may be a maximal binding rate or receptor saturation. Cells 
pretreated with SAHA for 24 h showed significantly higher uptake of [52Mn]Mn-DOTATATE, demonstrating 
increased expression of SSTR2 on the cell surface. Overall, our data confirmed that HDAC inhibition upregulates 
SSTR2 at the mRNA, protein, and protein-binding levels in two syngeneic cell lines.

Fig. 2.  PET imaging reveals model-dependent differences in SSTR2 expression. (a) Representative images 
from EO771 and 4T1 tumor-bearing mice taken 60-min post-injection of 100 ± 20 µCi [68Ga]Ga-DOTATATE 
on day 0. ROIs encircling tumors are represented by grey dotted circles. (b) Frequency histogram distributions 
for [68Ga]Ga-DOTATATE uptake in EO771 and 4T1 tumors are represented as the average ± standard 
deviation, comparison of the two models, and individual animals from each model. (c) SUV values are 
significantly higher for EO771 tumors compared to 4T1 tumors in the top 10% (p = 0.0014) of frequency 
distributions (n = 12 for EO771, n = 17 for 4T1).
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HDAC inhibitor treatment increases SSTR2 expression and overall survival in vivo
Representative PET images of EO771 and 4T1 tumors before and after treatment with SAHA can be seen in Fig. 4a 
showing increased uptake of somatostatin analogue, [68Ga]Ga-DOTATATE, for both models. Quantification of 
[68Ga]Ga-DOTATATE metrics shows increases in SUVmean, SUVmax, and tumor-to-background ratios (TBR) for 
both EO771 and 4T1 tumors following SAHA treatment (Supplemental Table 1). SUVmax uptake normalized to 
muscle (SUVmax:muscle) was increased yet did not reach significance in EO771 tumors (p = 0.0583) following 
treatment with SAHA (Fig.  4b). 4T1 tumors treated with SAHA had significantly increased SUVmax:muscle 
(p = 0.014) ratios compared to baseline (Fig. 4e). To assess HDAC inhibitor-induced changes following SAHA 
treatment and account for tumor volume and heterogeneity, we quantified frequency histograms and compared 
the top 10% of the distributions. [68Ga]Ga-DOTATATE uptake was significantly higher after treatment with 
SAHA in EO771 tumors (Fig. 4c, p = 0.0113) and 4T1 tumors (Fig. 4f, p = 0.045). Following the imaging study, 
we determined if HDAC inhibitors effectively influence overall survival. EO771 and 4T1 tumor-bearing mice 
receiving saline as a control or HDAC inhibitor treatment were assessed for survival or until reaching a tumor 
volume of 2000 mm3. Treatment with SAHA significantly increased overall survival for both EO771 (Fig. 4d, 
p = 0.0043) or 4T1 (Fig. 4g, p = 0.023) tumor-bearing mice compared to control groups.

Assessing toxicity of HDACi and DOTATATE in models of triple-negative breast cancer
Additional analyses was performed to assess potential nephrotoxicity of SAHA and DOTATATE, as a small 
number of studies have reported potential nephrotoxicity and increased kidney retention of radiotracer60,61. 
Through image analysis of the kidneys, we identified no increase in kidney retention of the radiopharmaceutical 
for SAHA-treated animals compared to control in the EO771 model (Fig. 5a, p = 0.4478) or 4T1 model (Fig. 5c, 
p = 0.513). To determine potential differences in circulation and clearance of [68Ga]Ga-DOTATATE, we quantified 

Fig. 3.  SAHA increases expression of SSTR2 at the transcriptional, translational, and functional levels of two 
TNBC cell lines. (a) qRT-PCR shows 4 × increase (p < 0.0001 for 1.7 µM and 3.3 µM) in mRNA expression 
of Sstr2 expression in EO771 cells treated with SAHA compared to control. (b) qRT-PCR shows 2 × change 
(p = 0.001 for 3 µM) and almost 8 × increase (p = 0.0009 for 5 µM) in Sstr2 mRNA in 4T1 cells treated with 
SAHA compared to control. Flow cytometry demonstrates increased cell surface expression of SSTR2 for 
EO771 (p < 0.0001 for 1.7 µM and 3.3 µM) and 4T1 (p = 0.0001 for 3 µM, p = 0.0006 for 5 µM) cells following 
SAHA treatment compared to DMSO control (c, d). Cell binding assay with [52n]Mn-DOTATATE shows 
increased uptake of somatostatin analogue in 4T1 (p < 0.0001 for 3 µM and 5 µM) and EO771 (p = 0.002 for 
1.7 µM, p < 0.0001 for 3.3 µM) cells compared to DMSO control after HDACi for 48 h (e, f).
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tracer SUVmean of uptake in the heart. We observed no difference in uptake in the heart for animals in the EO771 
model (Fig. 5b, p = 0.8961) or 4T1 model (Fig. 5d, p = 0. 4869). Body weight was continually monitored as an 
overall measure of animal health. We observed and no significant loss of body weight for EO771 tumor-bearing 
animals receiving saline as a control (Fig. 5e, p = 0.38) or SAHA (Fig. 5f, p = 0.26). Similarly, we observed no loss 
of body weight for 4T1 tumor-bearing animals treated with saline (Fig. 5g, p = 0.10), but observed weight gain 
in our animals treated with SAHA (Fig. 5h, p = 0.006). Though we did not specifically test for cardiotoxicity or 
nephrotoxicity, we utilized tracer retention in the heart and kidneys as a surrogate measure and observed no 
significant changes in [68Ga]Ga-DOTATATE uptake. Future work to fully characterize the potential off-target 
effects is necessary to ensure the safety of these therapies.  Overall, HDAC inhibition with SAHA in combination 
with DOTATATE imaging did not impact overall health of animals enrolled in the study, suggesting that this 
specific combination does not cause off-target effects or toxicities.

Discussion
Our studies revealed that SSTR2 is a potential molecular target for imaging and therapy in triple-negative breast 
cancer. SSTR2 expression can be induced and increased through HDAC inhibition, presenting a potential 
opportunity to deliver targeted therapy to tumors which lack typical molecular targets. Clinically, there is an 
established relationship between SSTR2 expression and hormone receptor status, leaving TNBC subsets with low 
and variable expression. Our findings show that the baseline expression of SSTR2 varies and is heterogeneous 
in mouse models of breast cancer. However, we have demonstrated that SSTR2 can be imaged in two breast 
cancer models and subsequently upregulated therapeutically with non-cytotoxic doses of the HDAC inhibitor, 
SAHA. These results suggest that epigenetic modulation of SSTR2 using HDAC inhibitors is a viable targeted 
strategy for imaging and therapy in breast cancers which have low or variable levels of SSTR2. Notably, treatment 
with SAHA increased SSTR2 for both EO771 and 4T1 tumors, regardless of their initial SSTR2 expression. 
PET imaging with [68Ga]Ga-DOTATATE allowed us to non-invasively evaluate the extent and heterogeneity 
of SSTR2 expression within the tumor. Importantly, we believe that the repurposing of targeted radiotherapy 
directed at SSTR2, such as LUTATHERA®, may offer potential to enhance disease management and alleviate 
disease burden for patients with SSTR2-overexpressing or HDAC-induced tumors. Our approaches support the 
potential for the application of these relatively novel therapies in breast cancer patients. Investigating these novel 
radiotherapies may provide new opportunities to identify specific subsets of breast cancer patients who may 
potentially benefit from SSTR2-targeted therapies.

Data collected in these studies suggests breast cancer tumors have similar modulation of SSTR2 to NETs, 
where HDAC inhibition upregulated SSTR2 expression in pancreatic, pulmonary, and thyroid NETs36–38,61–63. 
We observed increases in SSTR2 at the transcriptional, translational, and functional levels even in cell types that 
had high basal levels of expression. We observed significant increases in cellular uptake of DOTATATE in vitro 
for both EO771 and 4T1 cells when treated with SAHA, which can be attributed to relatively low total protein 
concentration (0.2 mg per well). Notably, there appears to be a plateau in SSTR2 expression for 4T1 tumors, 

Fig. 4.  HDAC inhibition increases SSTR2 expression and overall survival in vivo. (a) Representative images 
from EO771 and 4T1 tumor-bearing mice at day 0 and 7 of treatment with SAHA (n = 12 EO771, n = 17 
4T1) or saline for control animals (n = 4) taken 60-min post-injection of 100 ± 20 µCi [68Ga]Ga-DOTATATE. 
(b) Quantification of the highest voxel, SUVmax, of [68Ga]Ga-DOTATATE uptake normalized to muscle is 
significantly increased in EO771 tumors following treatment with SAHA (p = 0.0583). (c) Quantification of 
SUV shows that radiotracer uptake is significantly higher after treatment with SAHA in the top 10% (right, 
p = 0.0113) of the frequency distribution for EO771 tumors. (e) [68Ga]Ga-DOTATATE SUVmax normalized 
to heart and muscle is significantly increased in 4T1 tumors following treatment with SAHA (p = 0.014). (f) 
SUV uptake in the top 10% (p = 0.0448) of the distribution is significantly increased after SAHA treatment in 
4T1 tumors. Overall survival is significantly increased for animals with EO771 tumors (d, p = 0.0043) and 4T1 
tumors (g, p = 0.023) treated with SAHA.
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suggesting potential saturation of expression or receptor status which differs from NETs. Similarly to NETs, 
TNBC tumors had enhanced SSTR2 with increasing doses of HDAC inhibitors, suggesting SSTR2 expression is 
dose-dependent37,64,65. Therefore, designing treatment regimens and timing of HDAC inhibitor administration 
in reference to imaging or future theranostic studies is important.

Expression of SSTR2 was shown to vary greatly between tumor models and across various mouse cell lines. 
In addition, we have identified SSTR2 expression to be highly heterogeneous in syngeneic, preclinical breast 
cancer tumors. Similar observations about SSTR2 heterogeneity have been made in NETs and clinically in breast 
cancer16,39,41. The average distribution, or SUVmean, showed decreases in standard deviations for both EO771 and 
4T1 tumors following treatment with SAHA, suggesting potential increases in homogeneity which may improve 
the delivery of targeted radiotherapy. Heterogeneity of receptor expression is an important consideration in 
image-guided therapy and non-invasive evaluation via imaging plays a key role in determining eligibility for 
theranostic approaches. Importantly, SSTR2 expression was seen in a TNBC model (the 4T1) which is known 
to have a “cold” immune profile66–68, suggesting the potential for use in tumors that do not respond well to 
immunotherapy. Literature has suggested that SSTR2 is expressed on some immune cell populations and that 
somatostatin receptors can stimulate immune responses69–72. Further studies are needed in these models to 
explore the roles that HDAC inhibition and SSTR2 expression may have in driving immune infiltration and 
response in triple-negative breast cancer.

One potential limitation in this study lies in the broad-acting nature of HDAC inhibitors and potential 
for off-target effects. However, suberoylanalide hydroxamic acid (SAHA), or Vorinostat, is a small molecule 
histone deacetylase inhibitor which has been FDA-approved for use in cutaneous T cell lymphoma. Vorinostat 
is being investigated for indications in other cancers including non-small cell lung carcinoma (NCT02638090), 
gliomas (NCT00268385, NCT00555399, NCT01236560), various lymphomas (NCT00392353, NCT031503290, 
melanoma (NCT01587352), and advanced breast cancer (NCT03742245, NCT00616967, NCT03878524)73–75. 
Additionally, many studies have demonstrated the strong anti-tumor activity of SAHA alone and in conjunction 
with other approved therapies in various cancer models including breast cancer35,39,76,77. Overall, there is great 
potential for HDAC inhibitors to provide strong anti-tumor responses and create molecular targets for imaging 

Fig. 5.  Assessing toxicity of HDACi and DOTATATE in models of triple-negative breast cancer. (a) SUVmean 
of [68Ga]Ga-DOTATATE is not significantly different between control and SAHA-treated animals for EO771 
tumor-bearing animals (p = 0.4478). (b) SUVmean of tracer uptake in the heart is not significantly different 
between control and SAHA-treated animals in the EO771 model (p = 0.8961). (c) There is no significant 
difference in kidney SUVmean between control and SAHA-treated animals in the 4T1 model. (d) SUVmean 
of tracer uptake in the heart is not significantly different between control and SAHA-treated animals in the 
4T1 model (p = 0.4869). Body weight of EO771 tumor-bearing mice is not significantly different for animals 
receiving e. saline as a control (p = 0.3846) or (f) SAHA treatment (p = 0.2587). Body weight of 4T1 tumor-
bearing mice is not significantly different for animals receiving (g) saline as a control (p = 0.1041), but is 
increased for animals receiving (h) SAHA treatment (p = 0.006).
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and therapy. HDAC inhibitor treatment with valproic acid (VPA) and DOTATATE has been shown by Klomp 
et al. to have potential off-target effects and nephrotoxicity in preclinical models60. Another study has reported 
increased kidney retention, but did not further investigate potential toxicity of this high-dose HDAC inhibitor 
treatment60,61. VPA, clinically, has had rare side effects on renal function and has been implicated in neurological 
disorders78. However, this group and others have investigated alternative HDAC inhibitors, demonstrating the 
potential value of combining these therapies with radiotherapies to target SSTR2 overexpression36,37,64,65. While 
we did not observe any negative impact of HDAC inhibitor therapy, evidenced by the absence of significant 
weight changes, death, or retention of radiotracer in the kidney, we acknowledge the potential for signaling 
cascades to be affected downstream due to the epigenetic alterations induced by HDAC inhibitors.

Non-invasive PET imaging can inform on SSTR2 expression in preclinical models of breast cancer throughout 
the course of therapy. Further, imaging can be utilized to characterize and identify SSTR2 + tumors for targeted 
theranostic treatment. We aim to further explore the therapeutic upregulation of SSTR2 in vivo and repurpose 
clinically relevant theranostic agents for use in breast cancer. Our studies have characterized epigenetic induction 
of SSTR2 expression as a promising new molecular target for triple-negative breast cancer imaging and therapy. 
Translationally, therapeutic augmentation of SSTR2 serves as an opportunity to improve targeted imaging and 
therapy for patients with aggressive breast cancer who lack effective treatment options. Overall, employing 
HDAC inhibition to upregulate SSTR2 expression at the molecular level serves as a methodology which could 
reasonably provide a target for both imaging and therapy in breast cancer. Repurposing FDA-approved agents 
such as SAHA and LUTATHERA® could benefit patients who currently are not eligible for other targetable 
therapeutics. Translationally, the utilization of HDAC inhibitors and SSTR-targeted imaging and radiotherapy 
could provide a novel, targeted therapeutic approach for patients with triple-negative breast cancer.

Data availability
The datasets generated and analyzed during these studies are available from the corresponding author upon 
request.
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