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Abstract

Medulloblastoma is the most common childhood malignant brain tumor. The most lethal 

medulloblastoma subtype exhibits a high expression of the GABAA receptor α5 subunit gene and 

MYC amplification. New benzodiazepines have been synthesized to function as α5-GABAA 

receptor ligands, but these had undesirable side effects in the nude mouse xenograft model system 

(4). To compare their efficacy with that of standard-of-care treatments, we have employed a newly 

developed microscale implantable device that allows for high-throughput localized intratumor 

drug delivery and efficacy testing. We have identified a benzodiazepine derivative, KRM-II-08, as 

a new potent inhibitor in several α5-GABAA receptor expressing tumor models. Obtaining high-

throughput drug efficacy data within a native tumor microenvironment as detailed herein, prior to 

pharmacological optimization for bioavailability or safety and without systemic exposure or 

toxicity, may allow for rapid prioritization of drug candidates for further pharmacological 

optimization.
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Introduction

Medulloblastoma accounts for 10–20 percent of all primary tumors of the central nervous 

system among children and young adults less than 19 years of age and is found in the 

posterior fossa (1, 2). The current and most widely used medulloblastoma treatment regimen 

is highly toxic (1, 2). Children with non-disseminated medulloblastoma (average-risk 

disease) receive 8 cycles of lomustine (CCNU), vincristine, and cisplatin chemotherapy for 

approximately 1 year following conventional dose radiotherapy and concomitant vincristine 

(1, 2). For high-risk disease, patients typically receive standard chemotherapy, including 

cisplatin, carboplatin, cyclophosphamide, and vincristine, or conventional craniospinal 

radiotherapy and chemotherapy (1, 2). Unfortunately, this treatment regimen results in 

significant cognitive problems in children. Further, some children are particularly refractory 

to such treatment (1, 2). Thus, there is a significant demand for development of alternative 

therapies, including ones that could function as radiosensitizers so as to reduce the dose of 

radiation.

Recent genomic studies identified at least four subtypes of medulloblastoma (3). It emerged 

from these studies that the most lethal medulloblastoma subtype, subgroup 3, exhibits a high 

expression of the GABAA receptor α5 subunit gene (GABRA5) and MYC amplification (1–

3). Subgroup 3 medulloblastomas are seen primarily in children, have the poorest outcome, 

and comprise approximately 25 percent of sporadic medulloblastomas. Following the 

genomic classification, it was shown that α5-GABAA receptor expression was indeed 

elevated in this subtype (3). Further, it was observed that treating MYC-driven 

medulloblastomas with the benzodiazepine QH-II-066, a positive allosteric modulator 

preferentially interacting with the benzodiazepine binding site of α5-GABAA receptors, 

resulted in decreased cell viability and sensitization to cisplatin and gamma irradiation (4). 

The observation that a α5-GABAA receptor ligand could be an effective radiosensitizer for 
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subgroup 3 provided impetus for synthesis of new benzodiazepine derivatives that enhance 

GABA-induced stimulation at α5-GABAA receptors (5–8). However, the in vivo efficacy 

testing of these benzodiazepine derivatives have been hampered by respiratory depression in 

the nude mouse intracranial xenograft model system (4).

To overcome the challenge of toxicity of our newly synthesized potential α5-GABAA 

receptor ligands and to conduct a rapid drug delivery screen for their efficacy in vivo, we 

have employed a newly developed microscale implantable device that enables high-

throughput localized intratumor drug delivery (9). This device is 800 μm in diameter and 4 

mm long, is non-toxic, and permits the simultaneous administration of up to 16 compounds 

intratumorly (9). We have conducted by means of this microdevice, efficacy studies using 

nude mouse flank xenografts of α5-GABAA receptor expressing tumors of newly 

synthesized compounds, and discovered that a new benzodiazepine derivative, KRM-II-08, 

demonstrated higher in vivo activity than the standard-of-care chemotherapy (cisplatin). The 

microdevice offers a rapid and cost effective way of testing potential chemotherapeutic and 

targeted compounds in vivo without systemic effects and might also find application in the 

treatment of tumors in patients.

Results

In vivo identification of potent benzodiazepines

We compared the intratumor microdose efficacy of several benzodiazepines (Fig. 1) 

enhancing the action of GABA at α5-GABAA receptors (Footnote 1) with other clinically 

relevant standard-of-care treatments, including cisplatin, mebendazole and the bromodomain 

inhibitor JQ1, in several tumor models. Nude mice flank xenografts were created using 

medulloblastoma tumor cell lines (4). Using the described microdevice technology (9), we 

observed that α5-GABAA receptor expressing D425 and D283 tumor cell flank xenografts 

were found to be significantly more sensitive (p < 0.01) to benzodiazepine derivatives than 

the non-α5-GABAA receptor expressing medulloblastoma DAOY flank xenografts, as 

evidenced by local apoptosis induction that was 200–400% higher in these models (Fig. 2) 

(data shown for D425 only, since D283 was similar). Among the benzodiazepine derivatives, 

D425 tumors are most sensitive to KRM-II-08, a member of a series of new positive 

allosteric modulators of α5-GABAA receptors. In addition to high sensitivity to KRM-II-08, 

the α5-GABAA receptor expressing tumors are also sensitive to SH-I-75 and QH-II-066, 

which are members of the same family of compounds. Note that KRM-II-08 and QH-II-066 

are chemically almost identical - KRM-II-08 has a 2′-F, whereas QH-II-066 has a 2′-H (Fig. 

1). Exposure to KRM-II-08 leads to apoptosis in 38% of exposed cells (apoptotic index, AI) 

within 24 hours in this model, compared with 21% for SH-I-75 and 13% for QH-II-066 (Fig. 

2). KRM-II-08 is also significantly more potent than all other standard-of-care treatments 

tested in this tumor (Fig. 2). Another α5-GABAA receptor expressing tumor model, D283, 

also shows significantly higher local apoptosis induction in response to benzodiazepine 

derivatives KRM-II-08 (AI = 32%) and QH-II-066 (AI=30%) treatment, compared to other 

standard-of-care treatments tested. Interestingly, cisplatin (4), JQ1 (10), and mebendazole 

(11) exhibited a greater effect on the non-α5-GABAA receptor expressing tumor cell line 

DAOY (Fig. 2).
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Confirmation of locally released drug release distribution? by MALDI mass spectrometry 
imaging

MALDI mass spectrometry imaging analyses (12, 13) were performed on cross-sectioned 

mouse frozen flank tissue to demonstrate local drug distribution of compounds released from 

the microdevice. Figure 3 shows 2-dimensional MALDI mass spectrometry images 

displaying the distribution of KRM-II-08 (Fig. 3A), QH-II-066 (Fig. 3B), and JQ1 (Fig. 3C) 

with relative intensities. The high mass accuracy measurement achieved by the FTICR 

analyzer (better than 1 ppm) enabled confirmation of the release of each compound from the 

microdevice (Footnote 2). For JQ1, only ions from the fragmentation of the parent molecule 

were detected during the MALDI MSI analysis. The high laser intensity (i.e. 35%) may be 

responsible for an in-source fragmentation of the drug.

Based on correlation with a hematoxylin and eosin (H/E) stained serial section, all the 

compounds were released into the tumor tissue at maximum diffusion distances of 560 μm 

for JQ1 and greater than 1150 μm for KRM-II-08 and QH-II-066 (Fig. 3; Footnote 3). This 

area of exposure is approximately congruent with the regions of apoptosis induction that are 

observed in figure 2, implying that the presence of the drug leads to apoptosis.

Discussion

Rapid identification of drug leads through evaluation of pharmacophore or scaffold 

constructs in vivo may yield rapid prioritization of drug candidates. In this study, we use 

medulloblastoma tumors to examine a number of previously difficult-to-test new 

medulloblastoma drugs to study their in vivo effects in inducing tumor apoptosis. Compared 

to in vitro testing using cell culture(s), this approach allows drug assessment within the 

native tumor tissue, thus taking into account microenvironmental factors that contribute to 

drug response (14).

Compared to traditional systemic dosing studies, this approach allows us to assay test 

compounds in vivo before pharmacological optimization. Importantly, it reduces the number 

of animals that are needed for such in vivo studies by at least one order of magnitude, since 

multiple drugs can be used in one reservoir, as shown by Jonas et al’s recent work (9). In the 

future, one could envision that this approach may be used in patients for the purpose of more 

efficient and less toxic drug development if certain safety criteria are met.

To our knowledge, this is the first time where benzodiazepines that enhance the action of 

GABA at α5-GABAA receptors have been shown to be effective in vivo against the MYC 

subtype of medulloblastomas, and these appear to be more effective in this kind of screening 

system than cisplatin, JQ1 and mebendazole, note that the 24 hour timepoint was selected 

based on prior studies (4, 9). Since allosteric modulators at α5-GABAA receptors have 

limited toxicity and have been studied in animal models (8), this makes them attractive to 

use in the clinical trial setting. The compounds investigated in this study, however, not only 

modulate α5-GABAA receptors but also other GABAA receptor subtypes that also might be 

expressed in medulloblastoma, but they all exhibit a relatively low activity at the α1-

GABAA receptor subtype (Ernst et al., unpublished results). This is in contrast to diazepam 

that is only weakly active in inducing apoptosis in medulloblastoma (4). Additional 
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experiments have thus to be performed to finally identify the receptor subtype(s) eliciting the 

beneficial effect against medulloblastoma growth and to clarify the exact mechanism of 

downstream events mediated by these compounds (4).

It is important to note that GABA pathway involvement does occur in several other tumor 

types, including neuroblastoma (15, 16), pancreatic cancer (17) and lung cancer (18). A 

rapid screening method testing compounds that can down-regulate GABA signaling could 

potentially be harnessed for therapies, and this may have implications in a number of 

cancers.

Materials and Methods

Medulloblastoma cell lines and have been described in Sengupta et al. (4). In brief, D425, 

D283 and DAOY cell lines were passaged in DMEM/F-12 (Dulbecco’s Modified Eagle 

Medium/Nutrient Mixture) with 10% Fetal Bovine Serum, 1% Pen-Strep (10,000 units/mL 

penicillin & 10,000 ug/mL streptomycin), and 1% of 200 mM L-glutamine. All chemicals 

were purchased from Life Technologies. Cells were maintained in conditions of 37°C and 

5% CO2 and passaged 1–3 times per week on reaching ~70% confluence. Tumor cells 

(~3×106) in PBS were injected subcutaneously into the flanks above the hind limbs of 6–8 

week-old female athymic nude mice (Crl:NU(NCr)-Foxn1nu), purchased from Charles River 

Laboratories. Tumors grew for approximately 4–5 weeks, to a size of 6–10 mm, before 

device implantation. All protocols for mouse experiments were approved by the Committee 

on Animal Care of the Massachusetts Institute of Technology (protocol 0412-038-15).

Microdose drug delivery devices were manufactured as described in Jonas et al. (9). In short, 

cylindrical, micro-scale devices with 0.82 (diameter) × 4 mm (length) were manufactured 

from medical-grade Delrin acetyl resin blocks (DuPont) by micromachining (CNC 

Micromachining Center, Cameron). Circular reservoirs (8–12 per device) were shaped on 

the outer surface of devices in dimensions of 230 μm (diameter) × 250 μm (depth). Drug-

polymer mixtures were packed into device reservoirs using a tapered, metal needle (Electron 

Microscopy Sciences) until the reservoirs were completely filled.

Devices were implanted directly into the mouse tumor using a 19-gauge spinal biopsy 

needle (Angiotech) and a retractable needle obturator to push the device into the tissue. 

Devices containing the drug remained in situ for 24 hours. Of the drugs, benzodiazapines 

QH-II-066, KRM-II-08, and SH-I-75 were synthesized at the Department of Chemistry and 

Biochemistry, University of Wisconsin-Milwaukee. The details of their synthesis have been 

reported (5, 6). JQ1 was a gift of the Bradner Laboratory, Dana-Farber Cancer Institute (19). 

Mebendazole and Cisplatin (cis-Diammineplatinum(II) dichloride), Diazepam were 

purchased from Sigma Aldrich. Each drug reservoir in the microdevice contained 

approximately 1 μg of the compound.

The flank tumor was excised and the tissue containing the device was fixed for 24 hours in 

10% formalin and perfused with paraffin. This specimen was sectioned using a standard 

microtome and tissue sections were collected from each reservoir. Sections were antibody-

stained by standard immunohistochemistry using Cleaved-caspase-3 antibody (Cell 

Jonas et al. Page 5

J Biomed Nanotechnol. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Signaling) and scored using an ImageJ image (v1.48) analysis algorithm in a blinded 

manner.

For MALDI mass spectrometry imaging, purified matrix 2,5-dihydroxybenzoic acid (DHB) 

was purchased from Sigma-Aldrich. Flash frozen tissue samples for mass spectrometry were 

placed at −20°C for 1 hour before sectioning. Tissue sections of 12 μm thickness were 

prepared using a Microm HM550 cryostat (Thermo Scientific™) with the microtome 

chamber chilled at −20°C and the specimen holder at −21°C, and thaw mounted onto ITO-

coated microscope slides (Bruker Daltonics). Samples were dried for 15 minutes in a 

desiccator, and subjected to matrix deposition as follows. DHB (160 mg/mL solution in 

methanol/0.2% TFA 70:30 vol/vol) was deposited using a TM-sprayer (HTX imaging) with 

a flow rate of 90 μL/min; spray nozzle velocity, 1,200 mm/min; spray nozzle temperature, 

75°C; nitrogen gas pressure, 10 psi; track spacing, 2 mm; number of passes, 4.

Mass spectra were acquired using a SolariX XR Fourier transform ion cyclotron resonance 

mass spectrometer (FTICR MS) (9.4 T) (Bruker Daltonics). The mass spectrometer was 

externally calibrated using arginine clusters in electrospray ionization positive ion mode. 

MALDI MSI experiments were acquired with a pixel step size for the surface raster set to 30 

μm in the FlexImaging 4.0 software. Spectra were acquired in positive ion mode from 1000 

laser shots accumulated at each spot for a mass range m/z 100–2500. The laser intensity was 

set to 35% with a frequency of 1000 Hz. The MALDI images were displayed using the 

software FlexImaging 4.0, following the signal of KRM-II-08 (m/z 293.1084 ± 0.001), QH-

II-066 (m/z 275.1178 ± 0.001) and a fragment of JQ1 (m/z 401.0833 ± 0.001).
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Significance

We have screened in vivo for the first time benzodiazepine derivatives against the most 

aggressive form of medulloblastoma and identified a new potent inhibitor. The process of 

rapid screening and establishing efficacy of therapies in vivo was achieved by using a 

newly developed microscale device for delivery in conjunction with tissue mass 

spectrometry to examine drug distribution.
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Figure 1. Chemical structures of compounds
A, Structurally related benzodiazepines used in the study. The compounds consist of the core 

benzodiazepine chemical structure, fusion of benzene and diazepine rings, and structural 

differences that are highlighted in color. B, Chemical structures of the standard-of-care 

treatment compounds used in the study. JQ1 shares a similar structural format as the 

benzodiazepine SH-I-75.
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Figure 2. Effect of compounds in microdevice on flank tumors
A, Representative images of D425 and DAOY tumor sections removed 24 hours after 

exposure to microdose of each drug from the device, showing distinct regions of apoptosis 

assessed by cleaved-caspase-3 expression (brown) after 24 hours. Scale bars, 250 μm. B, 
Apoptotic index (%apoptotic cells/all cells in drug-affected tissue region) for human D425 

and DAOY tumors exposed to KRM-II-08, SH-I-75, QH-II-066, JQ1, mebendazole and 

cisplatin (all 35% drug in PEG1450). Averages are taken from 6 spatially distinct reservoirs 

from at least 3 tumors please give (p < 0.01).
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Figure 3. MALDI FTICR mass spectrometry molecular imaging of compound distribution
Matrix-assisted laser desorption/ionization Fourier-transform ion cyclotron resonance 

(MALDI FTICR) mass spectrometric imaging (MSI) of the distribution of three drugs in 

sections of a mouse flank tumor with an implanted device: A, KRM-II-08 (m/z 293.1084); 

B, QH-II-066 (m/z 275.1178); and C, a fragment of JQ1 (m/z 401.0834). Left and right 

panels show scanned images of the tissue sections overlaid with the MALDI FTICR MSI 

data and the MALDI FTICR MSI data only, respectively. The position of the device in each 

section is delineated by red dotted lines. Images were acquired at a spatial resolution of 30 

μm. Scale bars, 1000 μm.
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Footnote 1. 
Note that the dose response curves for all of the other compounds used in this paper have 

already been published (4, 10, 11). The dose response curves are shown here for the in vitro 

assay of medulloblastoma cell line D425 and the compounds used were SH-I-75 and KRM-

II-08. Note that D283 produces similar curves, and these drugs do not have an effect on 

DAOY.
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Footnote 2. 
MALDI FTICR mass spectra selected from a pixel with maximum intensity in the MS 

image of figure 3A, 3B, and 3C showing the isotopic distribution of KRM-II-08 (A), QH-

II-066 (B), and a fragment of JQ1 (C). Upper right panels display the theoretical isotopic 

distribution for each compound.
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Footnote 3. 
MALDI FTICR MSI images representing the distribution of three drugs in sections of a 

mouse flank tumor with an implanted device: A, KRM-II-08 (m/z 293.1084); B, QH-II-066 

(m/z 275.1178); and C, a fragment of JQ1 (m/z 401, 0834). The three panels show scanned 

images of H/E stained serial sections overlaid with the MSI data. The black lines indicate the 

diffusion distances (d) within the MALDI MSI measurement region (dotted squares) for 

each drug. The position of the device in each section is delineated by black dotted lines. 

Images were acquired at a spatial resolution of 30 μm. Scale bars, 1000 μm. For each serial 

section, the H/E staining was performed after MALDI matrix removal.
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