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Chapter 9

Summary and Future Prospects

General Summary

Aldehyde dehydrogenases (ALDHs) convert endogenous and exogenous reactive aldehydes
into carboxylic acids to reduce or prevent cellular damage (see Chapter 1).' In addition,
ALDHs perform an essential metabolic role in several cellular processes.*”’ For example,
retinoic acid is an important signaling lipid, generated by ALDHs. Retinoic acid controls
many cellular and physiological functions via gene transcription.®!* Retinoic acid is
produced by retinaldehyde dehydrogenases ALDH1A1, ALDH1A2 and ALDH1A3 from its

1.14

precursor retinal.'” Retinaldehyde dehydrogenases are tightly regulated via an inducible

cellular expression pattern and by post-translation modifications.!>!®

Current methods allow researchers to measure expression levels of these enzymes or general
ALDH activity in cells or tissue, but not the activity of individual enzymes. New strategies
are highly desired to visualize and quantify ALDH activity of specific enzymes in health and
disease. The aim of this thesis was, therefore, to develop and apply new chemical tools to

study the activity of ALDHs in complex biological samples.
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CHAPTER 9

In Chapter 2, the recent developments in the field of chemical probes to study lipid biology,
especially in immunology, are summarized and potential avenues for future research are
indicated.!” Lipids perform numerous functions inside the cell, ranging from structural
building block of membranes and energy storage to cell signaling. The mode of action of
many signaling lipids has remained elusive due to their low abundance, high lipophilicity,
and inherent instability. Various chemical biology approaches, such as photoaffinity or
activity-based protein profiling methods, have recently been developed to shed light on the

biological role of lipids, lipid-protein interactions and lipid processing enzymes.

For example, activity-based protein profiling (ABPP) is a powerful methodology to map
enzyme activities in complex biological samples.!®!° ABPP relies on activity-based probes
containing an electrophilic warhead, which reacts with a conserved catalytic amino acid
residue of an enzyme. Visualization of the probe targets via reporter groups, such as
fluorophores or biotin, is performed by in-gel fluorescent scanning or chemical proteomics.
Comparative and competitive ABPP are the two main applications used in this thesis. In
comparative ABPP the abundance of active enzymes derived from different biological
samples are studied, whereas competitive ABPP is used to determine the selectivity profile

of an inhibitor.

Activity-based protein profiling of retinaldehyde dehydrogenases

Chapter 3 describes the design and synthesis of a first-in-class probe for ALDHs. Guided
by the co-crystal structure of ALDHI1AI, retinal was functionalized with an alkyne ligation
handle and an electrophilic warhead. This led to the design of LEI-945.° A convergent
synthesis route utilizing a key Wittig reaction was developed to synthesize LEI-945. This
retinal-based probe was biologically validated in Chapter 4.

LEI-945 labelled ALDH1A1, ALDH1A2 and ALDHI1A3 by a covalent interaction with their
catalytic cysteines. In addition, the probe was able to detect endogenously expressed ALDHs
in A549 lung cancer cells, including ALDH2, ALDH3A2 and ALDH3BI1. LEI-945 also
revealed the selectivity profile of pan-ALDH inhibitor 4-diethylaminobenzaldehyde (DEAB)
and retinal using competitive ABPP in A549 cells.
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Fig. 9.1 | Covalent interaction of LEI-945 with and visualization of ALDH1A3. The vinyl ketone warhead
of LEI-945 undergoes nucleophilic attack by the catalytic cysteine of ALDH1A3. The resulting thioether cannot
by hydrolyzed and results in an irreversible covalent interaction between ALDH1A3 and LEI-945. Ligation
with AlexaFluor-647 and visualization by in-gel fluorescence showed a clear band around 55 kDa. Altering the

catalytic cysteine into an alanine completely abolished labeling.

Profiling of ALDHs in breast cancer subtypes

Having established that LEI-945 can act as an ABP for ALDHs, the probe was applied in
Chapter 5 for comparative ABPP using different breast cancer cell types. Upregulation of
certain ALDHs has been previously linked to therapy resistance in cancer.?! For example,
ALDHI1A3 is associated with poor clinical outcome in breast cancer.?? > The ALDEFLUOR
assay, which is routinely used to measure ALDH activity, was not capable of predicting the
ability of breast cancer cell lines to produce retinoic acid. Using LEI-945 distinct ALDH
activity profiles were made for each cell line. These profiles were used to explain the
differences in retinal conversion based on the abundance of active ALDHIA1 and/or

ALDHI1A3 enzymes.

Remarkably, SK-BR-3, the breast cancer cell line showed the highest level of overall ALDH
activity and displayed exceptionally high levels of active ALDH2, but converted a relatively
low fraction of retinal. The low levels of ALDH1A3 activity in this cell line as determined
by ABPP using LEI-945 were sufficient to explain the conversion of retinal into retinoid
acid. This suggested that human ALDH2 does not have a biologically relevant role in

vitamin A metabolism.
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Fig. 9.2 | Comparative and competitive ABPP of ALDHSs and subsequent cellular assays with NCT-505
in breast cancer cells. Comparative ABPP: ALDH profiling of breast cancer cell lines using chemical
proteomics. The subtype column indicates if the cell line belongs to the luminal subtype (white) or basal subtype
(black). The retinal converted column shows the amount of retinal converted to retinoic acid over 4 h in a
gradient from 0% (white) to 100% (red). The ALDEFLUOR column shows the ALDH activity as determined
by the ALDEFLUOR assay in a gradient from low (white) to high (red). The heatmap shows the fold-change
in LFQ value for each ALDH enzyme compared to the average for each ALDH enzyme. N = 2 independent
experiments with each at least n = 3 experiments per group (biological replicates). Competitive ABPP: Volcano
plot of the in situ competitive ABPP experiment in MDA-MB-468 to determine off-targets of ALDH inhibitor
NCT-505 (30 uM). N =4 experiments per group (biological replicates). Cellular assays: cell viability of breast
cancer cell lines after treatment with NCT-505 (30 uM) for 72 h. For viability and proliferation assay data

represent mean values + SD; N = 3 biological replicates with each n = 3 experiments per group.

LEI-945 was used for competitive ABPP in the MDA-MB-468 cell line to determine the
selectivity profile of NCT-505, an advanced ALDHI1A1 selective inhibitor.?’ Chemical
proteomics analysis showed that NCT-505 inhibited both ALDH1A1 and ALDH1A3 and
showcased the potential utility of LEI-945 to guide drug discovery efforts toward selective
ALDH inhibitors.
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Combining the results from the comparative and competitive ABPP experiments, indicated
that treatment of the breast cancer cell lines with the dual ALDH1A1/ALDH1A3 inhibitor
would mostly affect the wviability and proliferation of the SK-BR-7, BT-20 and
MDA-MB-468 cell lines due to their high levels of ALDH1A1 or ALDHI1A3 activity
(Fig. 9.2). A slight decrease could also be detected for the SK-BR-3 cell line, which might
be related to the relatively low amount of ALDH1A3 detected in these cells. Of note, the
ALDEFLUOR assay did not show any ALDH activity in the SK-BR-7 cell line. This
highlights the sensitivity of LEI-945 to detect low amounts of ALDH activity, which might

be used to guide the selection of (therapeutic) effective inhibitors.

Another way in which LEI-945 could be applied in this field, is to study whether the reported
increase in ALDH expression in 3D cell culture compared with 2D cell culture is
accompanied by an increase in the activity levels of specific ALDH isozymes.?*?° LEI-945
could also be used in combination with the ALDEFLUOR assay and fluorescence-activated
cell sorting, which is generally used to detect and sort therapy-resistant cancer (stem) cells.
The sorted cell populations can be subjected to comparative ABPP, providing a better
understanding of the underlying biology.*® Although the research in this thesis has focused
on the role of ALDH isozymes in breast cancer, it is envisioned that LEI-945 could also be
used to study the specific ALDH isozymes involved in other cancer types that express

ALDHs.?

The role of ALDHs in lipid peroxidation

The physiological effects of ALDH1A1 and ALDHIA3 inhibition were studied in more
depth by determining cellular ATP levels and using live cell imaging techniques. NCT-505
reduced ATP levels and the mitochondrial membrane potential. Analyzing cell states using
FUCCI showed arrest of these cells in the G phase of the cell cycle. A significant increase
of propidium iodide staining indicated that the cells died via a necrosis-like pathway.
Combination of NCT-505 with the glutathione peroxidase 4 (GPX4) inhibitor RSL3 had a
therapeutically synergetic effect. RSL3 induces ferroptosis, which is an iron-dependent form
of non-apoptotic cell-death.?'*? Polyunsaturated fatty acids (PUFAs) can be oxidized by
lipoxygenases into hydroxyperoxides.*> Under normal conditions these reactive species are

converted by GPX4 into lipid alcohols (Fig. 9.3).
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Fig. 9.3 | Overview of ferroptosis and lipid peroxidation. a, Schematic overview of ferroptosis and lipid

peroxidation processes. Polyunsaturated fatty acid (PUFA), linoleic acid, is converted into a hydroperoxide by

lipoxygenase (LOX). This hydroperoxide can then either be converted into a lipid alcohol by glutathione

peroxidase 4 (GPX4) or a lipid radical under influence of iron. An accumulation of these lipid radicals induces

ferroptosis, but this process can be inhibited by Fer-1. An alternative pathway is the formation of reactive

aldehydes, such as 4-hydroxy-2-nonenal (4-HNE), which can bind to DNA. These reactive aldehydes are
detoxified by aldehyde dehydrogenases (ALDHs) accompanied by the formation of NADH. ALDHI1A1 and
ALDH1A3 can be inhibited by NCT-505. b, Chemical structures of the radical trapping agent Ferrostatin-1
(Fer-1) and the GPX4 inhibitor RSL3. ¢, Graph showing the cell viability of MDA-MB-468 cells treated with
DMSO, Fer-1 (10 puM), NCT-505 (30 uM) or Fer-1 (10 uM) and NCT-505 (30 uM). Data represent mean

values £ SD; n = 6.
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Inhibition of GPX4 by RSL3 results in an increase of lipid reactive oxygen species (ROS).>*
The propagation of these lipid radicals is catalyzed by iron and induces ferroptosis.
Ferrostatin-1 (Fer-1; Fig. 9.3b), a radical trapping agent capable of blocking lipid radical
propagation, was unable to rescue cells treated with NCT-505 and combinatorial treatment
led to a significant (p = 0.0002) decrease in viability (Fig. 9.3¢), suggesting that NCT-505

does not induce ferroptosis.

Effects of NCT-505 on MDA-MB-231 cells

Another interesting observation was made in NCT-505-treated MDA-MB-231 cells, which
are derived from a triple-negative breast tumor. NCT-505 reduced the viability of the

MDA-MB-231 cells to a small extent (Fig. 9.2), but it did induce a specific phenotype.
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Fig. 9.4 | Effects of NCT-505 on MDA-MB-231 breast cancer cells. a, Representative images of live-cell
confocal microscopy of mitochondrial potential after 72 h treatment with vehicle or NCT-505 (30 uM).
Mitochondrial membrane potential was visualized using rhodamine 123 dye (green) while the nuclei were
detected with Hoechst 33342 (red). b, Nuclear count of vehicle and NCT-505 (30 pM)-treated MDA-MB-231
cells measured over time. Data represent mean values + SD; N = 3 biological replicates with each 3 experiments
per group. ¢, Cell death profile of vehicle and NCT-505 (30 uM)-treated MDA-MB-231 cells as determined by
Annexin V (AnV) staining and measured over time. d, Cell death profile of vehicle and NCT-505 (30 pM)-
treated MDA-MB-231 cells as determined by propidium iodide (PI) staining and measured over time. For parts
¢ and d, data represent mean values + SD; N = 3 biological replicates with each 5 experiments per group.

**P < (0.01 and ****P < (0.0001; ¢ test, two-sided.
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The volume of the cells was increased along with an expansion of the nucleus (Fig. 9.4a).
This was accompanied with a decrease in cell motility (data not shown). This phenotype
seems to resemble a senescent state. Further experimentation using specific biomarkers is

required to confirm this hypothesis.*®

Since, virtually no ALDH isozyme activity was detected in this cell line (Fig. 9.2), the
observed phenotype is probably due to an off-target of NCT-505. Proteomics based methods,
such as the cellular thermal shift assay (CETSA), can be applied to identify the target.¢-’
Another option would be to synthesize a probe based on the scaffold of NCT-505, which
includes a photo-reactive cross-linker, such as a diazirine, for affinity-based protein profiling

(ABPP).

Of note, cell imaging showed that the nuclear count of vehicle-treated cells increased more
than 3-fold after 72 hours, whereas the nuclear count of NCT-505-treated MDA-MB-231
cells increased only marginally (Fig. 9.4b). This inhibition of cell proliferation was not
detected in the Sulforhodamine B assay, which measures total protein content. These results

highlight a benefit of live cell imaging.

Visualizing the role of vitamin A metabolism in immune homeostasis

Chapter 6 describes the search for the specific retinaldehyde dehydrogenases responsible for
the conversion of retinal into retinoic acid in the small intestines of mice. Retinoic acid plays
an important role in immune homeostasis via the activation and recruitment of dendritic,
Tand B cells.?®° Comparative ABPP of intestinal cells derived from Aldhlal™" and
Aldhlal” mice with LEI-945 was performed and identified ALDHIB1 as a possible

additional source of retinoic acid in intestinal epithelial cells.

Aldhlal”/Aldhlbl”~ mice showed a more proinflammatory phenotype, indicating
involvement of both ALDH1Al and ALDHIBI1 in immune homeostasis. However, to
determine whether the retinoid levels in the tissue of the small intestines from the knockout
mice have actually changed, these levels will have to be quantified using liquid
chromatography-mass spectrometry (LC-MS). The ability of Aldhlal”/Aldh1bI”" intestinal
epithelial cells to convert retinal into retinoic acid has not been assessed, but could be

measured using the LC-UV/MS assay developed in Chapter 4.
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Fig. 9.5 | Raman spectra of clickable retinoids. a, Raman spectrum of STA-211. b, Raman spectrum of
STA-215. For parts a and b, spectra were acquired using 532 nm excitation, ca. 0.15 mW laser power, 20 s

acquisition time and a spectral range of 500 to 2200 cm™!. Characteristic peaks were identified at 1580 cm™ and

1575 cm™! for STA-211 and STA-215, respectively.

Other sources of retinoic acid should also be considered, such as bile retinoids excreted from

4041 or the conversion of retinal into retinoic acid

the liver in the form of retinoyl glucuronides
by the gut microbiome. ABPP of the gut microbiome using LEI-945 could be used to identify

bacterial enzymes and bacteria populations capable of this transformation.*?

New chemical tools to study vitamin A interacting proteins are introduced in Chapter 7.
These clickable vitamins were shown to be biologically equivalent to their endogenous
counterparts and were applied for A(BPP without the introduction of a photo-reactive group.
Another envisioned application of these probes is to study the trafficking of retinoids between
cells. One interesting new technique in this field is the application of Raman microscopy to
track alkyne functionalized lipids in living cells.*’ This methods utilizes the characteristic
peak of the alkyne at 2110 cm™ in the biologically silent region of the Raman spectrum.** To
determine the suitability of the clickable retinoids for this application, Raman spectra were
acquired using 532 nm excitation, ca. 0.15 mW laser power and 20 seconds acquisition time

in a spectral range from 500 to 2200 cm™! (Fig. 9.5a,b).

The characteristic alkyne peak was not visible at these settings (which were 10-fold lower
compared to similar experiments), but characteristic retinoid peaks of 1580 cm™ and
1575 cm™! were detected for the STA-211 and STA-215 probe, respectively.*> The intrinsic
characteristic signal of the retinoids is relatively intense and might be used to track retinoic

exchange between cells depending on its signal-to-noise ratio.
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Drug screening against aldehyde dehydrogenases using competitive ABPP

The development of an additional activity-based probe, STA-55, for aldehyde
dehydrogenases is described in Chapter 8. This probe, derived from the reported ALDH
inhibitor Aldi-2, was characterized as a broadspectrum probe for the ALDH family
improving the coverage of the ALDH family by enriching ALDH1B1 and ALDH3A1 in
addition to the ALDHs already enriched by LEI-945 in A549 cells. It was subsequently used
to determine the selectivity profile of three ALDH inhibitors by competitive ABPP.

This led to the discovery of another off-target of the ALDHIA1 inhibitor NCT-505%7 and
revealed broadspectrum off-target activity for ALDH3A1 inhibitor CB7.*” As STA-55
enriched ALDH1A1 and ALDH3A1, both markers of cyclophosphamide resistance in
cancer®®, it can potentially be used to predict therapy efficacy by identifying the activity of
these enzymes in patient material. It may also be used in the development of new ALDH

inhibitors by determining in situ target engagement and selectivity.

To determine whether STA-S5 truly covers the entire ALDH family the 13 remaining ALDH
enzymes will have to be transiently overexpressed and subjected to labelling experiments.
To enable efficient screening of selectivity profiles using ABPP, a cell line containing
preferably all or at least the most clinically relevant ALDHs would be required. Thus far, the
breast cancer MDA-MB-468 cell line has been used for screening, as it expresses both
ALDHI1A1 and ALDH1A3. Another candidate would be the lung cancer cell line A549,

which proliferates rapidly and can be easily transfected.
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Closing remarks

Several new chemical tools are presented in this thesis that enable the study of aldehyde
dehydrogenases using activity- and affinity-based protein profiling techniques. Applications
of the first-in-class retinal-based probe, LEI-945, include, but are not limited to, the profiling
of ALDH activities in cancer in and clarifying vitamin A metabolism in the small intestines.
In addition to this tailored retinal probe, the synthesis and use of clickable retinoids are
discussed and a broad-spectrum probe for the ALDH family is developed. Together these
chemical tools provide researchers with a comprehensive toolkit to study ALDH enzymes.
The results obtained using these chemical tools showcase the application of substrate-based
probes in interrogating pathologically relevant enzyme activities. They also highlight the
general power of chemical proteomics in driving the discovery of new biological insights and

its utility to guide drug discovery efforts.
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Experimental procedures

Biological methods

Cell culture. The breast cancer cell lines BT-20, HCC38, MCF7, MDA-MB-231, MDA-MB-468, SK-BR-3 and SK-BR-7 were grown in
RPMI-1640 with stable glutamine and phenol red with 10% Fetal Calf serum, penicillin and streptomycin at 37 °C and 5% CO,. Medium
was refreshed every 2-3 days and cells were passaged twice a week. Cell lines were purchased from ATCC and were regularly tested for

mycoplasma contamination. Cultures were discarded after 2-3 months of use.

Cell viability and proliferation. Breast cancer cells were grown to 80% confluency in 10 cm plates. Cells were then seeded in a 96-wells
plate depending on their rate of growth (BT-20: 12k/well; MDA-MB-468 & SK-BR-3: 10k/well; SK-BR-7 & HCC38: 8k/well;
MDA-MB-231: 4k/well). For the SRB proliferation assay cells were also seeded on an extra plate to be able to determine the starting point
protein content. Cells were allowed to adhere overnight and were then treated with vehicle (0.1% DMSO) or inhibitor NCT-505 (30 pM,
0.1% DMSO) in 100 pL RPMI medium. Cells were then incubated for 72 hours. For the MTT viability assay another 100 uL of medium
containing MTT (1 mg/mL) was added and the cells were incubated for another 4 hours. The medium was then removed and the formazan
crystals were dissolved in 100 pL DMSO during 1 hour in the stove. The absorbance was then measured in a CLARIOstar Plus plate reader
at 570 nm. For the SRB assay cells were fixated by incubation with 30 pL 50% TCA for 1 hour at 4 °C. The plates were washed 5 times
with water and dried. 60 pL 0.4% SRB was added and incubated for 30 minutes at room temperature. The plates were then washed another
four times with acetic acid (0.1%) and dried. The SRB was dissolved by adding 150 uL Tris (10 mM) and incubating for 30 minutes at
room temperature. Absorbance was then measured at 540 nm on a CLARIOstar Plus plate reader. Graphpad Prism® 7 (Graphpad Software

Inc.) was used to plot data and calculation of mean values and standard deviation.

Combination of NCT-505 and Fer-1. MDA-MB-468 cells were seeded in 96-wells plates at 10k/well. Cells were allowed to adhere
overnight and were then treated with vehicle (0.1% DMSO), NCT-505 (30 uM, 0.1% DMSO), Fer-1 (10 uM, 0.1% DMSO, Sigma-Aldrich)
or a combination of NCT-505 (30 uM) and RSL3 (10 uM). Cells were then incubated for 72 hours and a MTT assay was performed as

described above. Graphpad Prism® 7 (Graphpad Software Inc.) was used to plot data and calculation of mean values and standard deviation.

Live cell imaging

Exposure and live cell imaging. Cells were seeded in Greiner black p-CLEAR 96 well plates at 10k/well. Prior to the NCT-505 exposure,
the cells were incubated with 100 ng/ml live Hoechst 33342 in complete RPMI for 2 hours. Thereafter, the medium was refreshed with
complete medium. For cell death experiment, 0.2 uM propidium iodide (PI) and Annexin-V-Alexa633 (AnV) were added to the complete
medium. For the live mitochondrial membrane potential imaging, the cells were incubated with rhodamine123 dye (0.5 pM; Sigma Aldrich)
in combination with live Hoechst 33342 for 2 hours, thereafter we refreshed with complete medium containing rhodamine123 only (0.075
uM) for time-lapse imaging. Then complete medium containing vehicle or NCT-505 (30 uM final concentration) was added and the plates

were directly imaged onto the microscope stage for live cell imaging.

For the cell death experiment and mitochondrial membrane potential imaging, the plates were imaged at 0, 14, 24, 40, and 72 hours after
the compound exposure. The cell cycle was imaged every hour after the exposure. The imaging was performed using a Nikon TiE2000
confocal laser microscope (lasers : 647 nm, 540 nm, 488 nm, and 408 nm), equipped with automated stage and perfect focus system. During
the imaging, the plates were maintained in humidified atmosphere at 37 °C and 5% CO,. The experiment was conducted with 3 biological

replicates with 4-5 technical replicates.

Image analysis. The quantitative image analysis was performed with ImagelJ version 1.52p, CellProfiler version 2.2.0 and Ilastik 1.3.2.
Firstly, the nuclei per image were segmented using the watershed masked algorithm on ImagelJ. For images obtained from the cell death
and mitochondrial membrane potential experiment, the nuclear segmentation was performed with Ilastik 1.3.2. The images were processed
with an in house developed CellProfiler module***. For the cell death and mitochondrial membrane potential experiment , the nuclear
Hoechst 33342 intensity levels, rhodamine 123 integrated intensity, PI area, and Annexin V area were measured at the single cell level.
The results were stored as HDF'5 files. Data analysis, quality control, and graphics were performed using the in house developed R package

h5CellProfiler (manuscript in preparation).
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