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ABSTRACT: Matrix assisted laser desorption ionization time-
offlight (MALDI-TOF) imaging mass spectrometry has
emerged as a powerful, label-free technique to visualize
penetration of small molecules in vivo and in vitro, including
in 3D cell culture spheroids; however, some spheroids do not
grow sufficiently large to provide enough area for imaging
mass spectrometry. Here, we describe an ex vivo method for
visualizing unlabeled peptides and small molecules in tumor
explants, which can be divided into pieces of desired size, thus
circumventing the size limitations of many spheroids. As
proof-of-concept, a small molecule drug (4-hydroxytamoxifen),
as well as a peptide drug (cyclosporin A) and peptide chemical probe, can be visualized after in vitro incubation with tumor
explants so that this technique may provide a solution to robing cell penetration by unlabeled peptides.

KEYWORDS: Cancer, cell penetration, explants, MALDI-TOF, mass spectrometry

Rel.
intensity

m/z=1224

M atrix assisted laser desorption ionization coupled to can be grown to relatively large diameters (1000 ym), we could
time-of-flight mass spectrometry (MALDI-TOF) has grow estrogen receptor-positive (ER+) breast cancer spheroids
been used extensively for the rapid acquisition of mass-to- to diameters of only ca. 95 um. The spatial resolution of
charge ratios (m/z) of samples cocrystallized in a matrix.' imaging mass spectrometry is 10—100 pm, so that such small
MALDI-TOF can be used in an imaging mode by collecting breast cancer spheroids would not generate enough raster spots
mass spectra at high spatial resolution across a biological from the MALDI-TOF imaging mass spectrometry to provide a
sample.” Caprioli and co-workers were among the first to apply complete spatial uptake map.” Given the myriad number of
MALDI-TOF mass spectrometry to image tissue and create a experimental procedures that exist for the formation of
localization map of endogenous peptides.’ Because it relies only spheroids and the differences in sizes of spheroids generated
on the inherent m/z of an analyte, MALDI-TOF imaging mass from these procedures, there is an advantage in controlling the
spectrometry does not require the use of a chemical label for size of the sample to be imaged using MALDL”**0
visualization, which presents an intriguing option to visualize To address this shortcoming, we used explant cultures of
the cellular uptake of small molecules and peptides. Beyond the breast tumors, which represent a powerful new approach to
initial reports, imaging mass spectrometry has been extended to study drug response in xenograft tumors. Briefly, explants are
include other milieus, including cell culture, tissue microarrays, pieces of a xenograft tumor that can be treated ex vivo. They are
organs, and model organisms, among others. Notably, valuable research tools because they capture tumor hetero-
Hummon and co-workers have developed a method for geneity and cell—cell interactions better than cell culture
visualizing the permeability of irinotecan, a small molecule models or spheroid cultures."'™'* An additional advantage of
cancer drug, into 3D colon cancer spheroids using MALDI- explants is that, because we could divide a xenograft into
TOF imaging mass spectrometry.*™° explants of a desired size, we could circumvent the size
Beyond colon cancer, there are a number of other cancer cell limitation of 3D spheroids. We saw an opportunity to treat
lines that have been used to generate spheroids;7 however,
depending on the cell line and method used to prepare Received: February 21, 2018
spheroids, it can be difficult to obtain spheroids of uniform Accepted: May 17, 2018
and/or large size.” For instance, while colon cancer spheroids Published: May 17, 2018
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Figure 1. Workflow of explant-based imaging mass spectrometry. (A) Xenograft tumors are harvested from mammary glands of mice. (B) Tumors
are trimmed, divided into explants of desired size, and treated. (C) Treated explants are embedded into gelatin. (D) Embedded explants are
cryosectioned into 6—12 pm thick sections and thaw-mounted onto indium tin oxide slides. (E) MALDI matrix is applied, and the slide is inserted
into the MALDI-TOF mass spectrometer, in which the laser is guided to hit a region of interest in the sample. (F) Once data are generated, peaks of
interest can be extracted and viewed in the sample to generate an image.
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Figure 2. (A) Structure of macrocyclic peptide drug, cyclosporin A. (B) MALDI-TOF imaging mass spectrometry color image of CspA (m/z 1224.7
+ 0.2 Da and subsequent isotopic peaks [M + Na]*, data were normalized between 2—28% to reflect 0—100% intensity scale) mass peaks detected in
explant compared to explant treated with DMSO (scale bar = 1 mm). (C) Box-and-whiskers plot of m/z signal 1224.8 in CspA-treated explant and
DMSO-treated explant. (D) Structure of a-helical peptide, SRC2-SP4. (E) MALDI imaging mass spectrometry color image of SRC2-SP4 (m/z
1424.9 + 0.2 Da and subsequent isotopic peaks [M + H]*, data were normalized between 10—60% to reflect 0—100% intensity scale) mass peaks
detected in explant compared to explant treated with DMSO (scale bar = 1 mm). (F) Box-and-whiskers plots of m/z signal 1424.8 in SRC2-SP4-
treated explant and DMSO-treated explant. ****p < 0.0001; **p < 0.01.

explants with different drugs and chemical probes and then to manner to quantify the uptake of an array of peptides.'®
visualize the uptake of these molecules using imaging mass Fluorophore-modified peptides may not have the same
spectrometry. properties as their unlabeled counterparts. For instance, tagging
We were particularly interested in using explant-based a peptide with a ﬂuorophore can affect various properties,
imaging mass spectrometry to visualize uptake of peptides. including cellular penetratlon, avidity,” distribution,”’ and
Penetration of cells and tissues by peptides is of considerable subcellular localization;** thus, because of its ability to monitor
interest, but most assays for determining uptake rely upon unmodified species, imaging mass spectrometry may provide an

detection of a chemical label. Although a state-of-the-art assay advantage when imaging peptides, in particular.
relies upon only a chloroalkyl group as a label in a Halo-Tag The overall workflow of our method is shown in Figure 1.
assay, ~ two common methods for visualizing and quantifying Breast tumor xenografts from the ER+ MCEF-7 cell line are
peptide uptake are high-resolution fluorescence microscopy and grown in female athymic nude (nu/nu) mice. Tumors are
flow cytometry, both of which require a fluorophore label.">~"* harvested and cut to ~1 mm?®, a sample size large enough to
One assay has used both techniques in a high-throughput collect a sufficient amount of data for interpretation. Pieces are
769 DOI: 10.1021/acsmedchemlett.8b00091

ACS Med. Chem. Lett. 2018, 9, 768—772


http://dx.doi.org/10.1021/acsmedchemlett.8b00091

ACS Medicinal Chemistry Letters

Technology Note

Calculated mass,
[M+H]*:
388.2277 Da

Cc

4-OHT DMSO

Measured mass,

MALDI-FTICR:
388.2285 m/z

Intensity
Scale

2
@
c
2
£
o
2
s
Kl
[}
['4

Figure 3. (A) Structure of the selective estrogen receptor modulator 4-OHT. (B) MALDI-TOF image showing the extracted mass signal of 4-OHT
(388 m/z + 0.2 Da and subsequent isotopic peaks, [M + H]*, data were normalized between 2—28% to reflect 0—100% intensity scale) from a
MALDI-TOF (scale bar = 1 mm). (C) High-resolution images acquired on MALDI-FT-ICR of samples treated for 24 h with 1 4M 4-OHT (scale
bar = 1 mm). When resolved, a difference can be seen from the extracted, localized mass of 388.039 m/z (£0.005 Da) (top) and the extracted,
localized mass of 388.2285 m/z (+0.005 Da) (bottom), the latter of which corresponds to the exact mass of 4-OHT (m/z = 388.2277). (D)
Statistical analysis of m/z signal of 388.2285 in 4-OHT treated explant and DMSO treated explant. ****p < 0.0001.

cultured as explants and then treated with various drugs ex vivo.
After treatment, samples are prepared, cryosectioned, and
analyzed using the label-free MALDI-TOF imaging mass
spectrometry technique.

Tumor explants of ~1 mm” were supported on a gelatin
sponge in culture and treated for 24 h with varying
concentrations of probe and/or drug molecule. Treated
explants were embedded in gelatin and cryosectioned between
6 and 12 um thickness. Gelatin sections were thaw-mounted
onto indium tin oxide slides (Figure 1D). The slides were
stored in a desiccator until matrix was applied using an
automated MALDI matrix applicator. The matrix chosen for
these experiments was a 50:50 mixture of 2,5-dihydroxybenzoic
acid (DHB) and a-cyano-4-hydroxycinnamic acid (CHCA),
which was dissolved in acetone to make a 10% solution. DHB
and CHCA are generally chosen for small molecules and other
analytes of low mass (mass < 5000 Da). Mass spectrometry
imaging analysis was then performed with a Bruker Autoflex
speed LRF MALDI-TOF spectrometer (Figure 1EF). To
model the explant system with a known peptide drug, we chose
cyclosporin A (CspA, Figure 2A) as a proof-of-concept.
Cyclosporin A is an orally bioavailable macrocyclic peptide
immunosuppressant given for a number of diseases, including
rheumatoid arthritis and dry eyes.”” It is known that 5 uM
cyclosporin A can inhibit glucosylceramide formation in 2D
MCEF-7 cell culture, so that there is good evidence for its uptake
by MCEF-7 cells.”* With this in mind, MCF-7 tumor explants
were treated with S uM CspA for 24 h. Compared to the
explants treated with DMSO vehicle, the signal intensities for
the sodium adduct of CspA are significantly different (****p <
0.0001) (Figure 2C) and are within the explant, signaling that
CspA has been taken up and internalized by the explants. The
sodium adduct peak is shown for analysis because its intensity
was higher than the [M + H]" peak in the spectrum of CspA
(Figure S1), correlating with the dried droplet method of
analyzing CspA by MALDI-TOF, indicating it more readily

3

770

ionizes via MALDI than the [M + H]*. When looking at
additional thaw-mounted sections of explants treated with
CspA, serial sectioning shows that CspA has been taken up by
other layers of the same explant (Figure S2).

Encouraged by our results with cyclosporin A, we treated
MCEF-7 explants with one of our previously reported stapled
peptides, SRC2-SP4,”> which is an inhibitor of the estrogen
receptor/steroid receptor coactivator interaction. Xenograft
explants were treated with 25 M SRC2-SP4, similar to
concentrations used in previous work.”® Similar to CspA, the
intensity of the peptide inside the explants is significantly higher
(**p = 0.0022) (Figure 2F) than the same peak extracted in the
DMSO vehicle-treated explants (Figure 2B). While we have not
carried out concentration—response experiments, we speculate
that an increase in concentration should lead to an increase in
signal intensity; however, in this case, concentrations higher
than 25 M may not be desirable. Again, the spectra obtained
from imaging mass spectrometry match the data generated
from a stock solution of pure peptide with the dried droplet
method (Figure S1). Because of the relatively poor ionization
of SRC2-SP4, the signal-to-noise is lower than for other
analytes (Figure 2E), which demonstrates one of the
shortcomings of this method: the signal is dependent upon
the ionization efficiency of the analyte.

Tamoxifen is a known selective estrogen receptor modulator,
and its bioactive metabolite 4-hydroxytamoxifen (4-OHT) has
mixed agonist/antagonist effects on the estrogen receptor.”’
Similarly to CspA and SP4, explants were treated with 1 M 4-
hydroxytamoxifen, a commonly used dose,”® for 24 h. Initial
MALDI IMS experiments using a Bruker Autoflex speed LRF
MALDI-TOF instrument demonstrated that the resolving
power of this instrument was insufficient to separate [M +
H]* signal of 4-OHT from an interfering ion of 388 m/z seen
in the DMSO-treated explant (Figure 3C). When analyzed by a
MALDI-FT-ICR instrument (Bruker), the peak seen at 388 m/
z can be resolved into two peaks, one of which is within 2.06
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ppm of the theoretical mass of the expected [M + H]* peak of
4-OHT (388.2277 m/z) (Figure 3C). As seen in Figure 3C, the
388.2285 m/z peak is extracted and only viewed in the explants
treated with 4-hydroxytamoxifen (***¥p < 0.0001). The other
signal, 388.039, is seen in explants treated with either 4-OHT
or DMSO (Figure 3C). These data suggest that the explant
model for visualization of small molecules and other probes is
viable. It also shows that high-resolution instruments can
resolve signals that have similar molecular weights to the mass
or mass range of interest. These data are in good agreement
with a previous study in which tamoxifen was detected by mass
spectrometry after being sprayed onto tumor sections.”

In conclusion, we have developed an imaging mass
spectrometry model for monitoring the uptake of macrocyclic
peptides/probes and small molecules ex vivo in tumor explants.
The strength of this method lies in the ability to divide tumor
explants into a desired size, which bypasses the current size
limitations of some small-growing spheroids, such as those
derived from MCEF-7. This technique could potentially be
useful for other cancer cell lines that do not form uniformly
sized spheroids. Future work may apply this approach to
explants derived from patient-derived xenografts or from other
tumor types. Additionally, these studies could provide a useful
approach to understanding the effect of tumor heterogeneity on

drug uptake, efflux, or eflicacy.
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