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ABSTRACT

Mitomycin C (MC) is an anti-cancer drug which functions by forming interstrand crosslinks
(ICLs) between opposing DNA strands. MC analog, 10-decarbamoyl mitomycin C (DMC),
unlike MC, has stronger cytotoxic effects on cancer cells with TP53 mutation. We previously
demonstrated that MC/DMC could activate p21WAFYCIPLin MCF-7 (TP53-proficient) and K562
(TP53 deficient) cells in a TP53-independent mode. We also found that MC/DMC regulate AKT
activation in a TP53-dependent manner and that AKT deactivation is not associated with the
activation of p21WAFYCIPL i response to MC/DMC treatment. RAS proteins are known players in
the upstream mediated signaling of p21WAFYCIPL aetivation that leads to control of cell
proliferation and cell death. Thus, this prompted us to investigate the effect of both drugs on the
expression of RAS proteins and regulation of the MAPK/ERK signaling pathways in MCF-7 and
K562 cancer cells. To accomplish this goal, we performed comparative label free proteomics
profiling coupled to bioinformatics/complementary phosphoprotein arrays and western blot
validations of key signaling molecules. The MAPK/ERK pathway exhibited an overall
downregulation upon MC/DMC treatment in MCF-7 cells but only DMC exhibited a mild
downregulation of that same pathway in TP53 mutant K562 cells. Furthermore, treatment of
MCEF-7 and K562 cell lines with oligonucleotides containing the interstrand crosslinks (ICLS)
formed by MC or DMC shows that both ICLs had a stronger effect on the downregulation of
RAS protein expression in mutant TP53 K562 cells. We discuss the implication of this regulation

of the MAPK/ERK pathway in relation to cellular TP53 status.

Keywords: Mitomycin C, 10-decarbamoyl mitomycin C, RAS pathway, Interstrand crosslinks,

proteomic profiling



1. INTRODUCTION
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Figure 1. Major DNA adducts formed by MC and DMC in cancer cells. MC forms primarily
trans (a)) adducts at C1” and C2” (1a, 2a, 3a) and DMC cis (B) adducts (2b, 3b).

Mitomycin C (MC)!is an anticancer agent used in cancer chemotherapy.?* It is widely
prescribed for the treatment of colorectal peritoneal metastasis (CPM).> MC, inert in its native
form, alkylates cellular DNA monofunctionally and bifunctionally after reductive activation,
resulting in the formation of deoxyguanosine monoadducts and interstrand crosslinks (ICLS)
between two guanine bases on opposing DNA strands (Figure 1).58 Interstrand crosslinks
prevent DNA replication and, therefore, are highly cytotoxic to quickly proliferating cells. The
presence of only 40 unrepaired ICLs is lethal to mammalian cells.® 10-Decarbamoyl mitomycin
C (DMC) -a synthetic derivative of MC lacking the carbamoy! group- also forms ICLs in tumor
cells.’® The stereochemical configuration at C1°” of MC major monoadducts and ICL is R (a or
trans, Figure 1). In contrast, DMC generates preferentially the S stereoisomeric monoadducts
and ICL (P or cis, Figure 1). The crosslinking reaction is also diastereospecific with trans-

crosslinks formed solely at CpG sequences, while cis-crosslinks are generated only at GpC



sequences.!! Importantly, the S stereochemical configuration (cis) at C1” of the ICL produced by

DMC correlates with the higher toxicity of DMC in human cancer cells compared to MC.1218

Recent studies'®**® have focused on the distinct cellular responses triggered by the two
drugs. Treatment of MCF-7 cells with MC resulted in stabilization of TP53 protein as well as
stabilization and increased mRNA transcription of p21, mdm2 and PUMAZ; although
p21WAFLCIPL activation was later found to be TP53 and AKT independent whereas AKT
deactivation was TP53 dependent.”'® DMC treatment of MCF-7 cells also led to TP53 protein
stabilization as well as PUMA and p21WAFYCIPL transcription but, contrary to MC, not to mdm?2
activation, implying, perhaps, that the increased frequency or opposite stereochemical
configuration of DMC-DNA adducts interferes with the ability of the basal transcription
machinery to produce transcripts from the mdm2 gene.'® As with MC treatment, p21WAFL/CIPL
activation was TP53 and AKT independent whereas AKT deactivation was TP53 dependent.t’-18

There have also been reports, albeit less extensive, on the effects of both mitomycins on
TP53-mutant K562 cells. These studies have shown that unlike MC, DMC triggered PARP
cleavage and caspase activation which are markers of apoptosis 316, With both drug treatments,
p21WAFLCIPL \was activated and there was no AKT deactivation.

Earlier results showed that DMC is more toxic against cells lacking a functional TP53
than MC. At least nine different cell lines have been used to investigate the cytotoxicity of
MC/DMC in relation to TP53 status including ML-1%*, K56214 MCF-7%*, p53 shRNA MCF-7%,
DLD-1%, DA-2'°, EMT-6!2, MDA-MB-468%° and MCF-10A%. Overall, results suggest that
contrary to MC, which forms primarily the a-ICL, DMC, which produces mainly the p-ICL, can
trigger a TP53-independent form of cell death.'® This has clinical relevance because more than

50% of cancers have a mutated TP53 gene. Accordingly, understanding which ICL structural



features are responsible for the TP53-independent cell death triggered by mitomycins will lead to
the design of more efficient chemotherapeutics targeted to cancer cells with a mutant TP53. Our
overarching goal is to decipher the molecular mechanisms responsible for the control of
proliferation and cell death triggered by MC and DMC in cancer cells with or without a
functional TP53 gene. We previously showed that both MC/DMC and the a-1CL produced by
MC activate p21WAFLYCIPL by triggering dephosphorylation of p21WAFYCIPL gt p-Thr145 in MCF-7
cells (WT TP53). MC and DMC are also able to activate p21WAFYCIPL jn K562 cells (mutant
TP53)Y7. However, the upstream signaling of p21WAFYCIPL remains unidentified.

Literature points to RAS as a likely actor in the upstream signaling of p21WAFL/CIPL
activation in the control of cell proliferation and cell death.?® RAS proteins are GTPase enzymes
which exist as four isoforms: KRAS4A and 4B (Kirsten RAS), HRAS (Harvey RAS) and NRAS
(Neuroblastoma RAS). One of their main roles is to transduce extracellular signals from
membrane receptors (such as EGF-R: Epidermal Growth Factor Receptor) to the nucleus.?® RAS
proteins have been the focus of intensive research in the past 40 years.?%?! These studies have
demonstrated that they are involved in the control of cell proliferation, but the molecular
mechanisms by which they send mitogenic cues to promote cell growth or proliferation have not
been totally elucidated yet. The most studied immediate effectors of RAS activation are the
members of the MAPK signaling cascade.???* Further studies have identified the
TP53/p21WAFLCIPL axis as a crucial intermediary in the RAS mitogenic pathway. Importantly,
these studies have established that RAS signaling does not affect the levels of TP53 expression,
but that it totally impedes p21WAFY/CIP expression?® and that ERK?2 activation transduces
mitogenic signals, at least in part, by downregulating the cell cycle inhibitory protein

p21WAFLCIPL 26 Additional genetic research has determined that the TP53/p21WAFYCIPL axis is



central to the mitogenic pathway which links RAS signaling to the cell cycle machinery.
However, it has also been shown that cells with typical RAS proteins but missing a functional
TP53/p21WAFLCIPL axis do not multiply without signaling through RAS.?

The research presented here is the first to shed new light on the modulation of RAS/ERK
activity mediated by MC/DMC treatment as well as by the interstrand crosslinks formed by each
drug in MCF-7 and K562 cancer cells. This study is a necessary step to uncover the link between
ERK/MAPK signaling and potential downstream effect on TP53 independent p21WAFY/CIPL
activation leading to the inhibition of cancer cell proliferation. To reveal the molecular
mechanisms involved in the regulation of ERK/MAPK signaling by the two mitomycin drugs
and by the ICLs they form, we employed comparative global and quantitative label-free
proteomics analysis of relative changes in the protein abundance and expression profiles in
MCF-7 and K562 cancer cells treated with 50 pM of MC/DMC or 10 nM of the o/B-1CL. We
validated the changes in the expression of RAS, ERK and pERK protein using western blot
analysis and investigated the level of phosphorylated proteins in the RAS/MAPK/ERK pathway
and the well-described crosstalk JAK/STAT?"2 mediated signaling axis by means of
phosphoproteomics arrays.

Our results revealed molecular signatures that modulate the downregulation of
MAPK/ERK pathway upon MC/DMC treatment in MCF-7 cells. However, in the case of TP53
mutant K562 cells, only DMC mediated the downregulation of the MAPK/ERK pathway. In
addition, treatment of MCF-7 and K562 cell lines with oligonucleotides containing the
interstrand crosslinks (ICLs) formed by MC or DMC showed that both ICLs had a stronger
effect on the downregulation of RAS protein expression in mutant TP53 K562 compared to WT

TP53 MCF-7 cells. Notably, only the B-1CL formed by DMC induced the downregulation of the



MAPK/ERK pathway in TP53 mutant K562 cells. This study paves the way for the investigation
of molecular mechanisms linking RAS signaling and TP53 independent activation of
p21WAFLCIPL (Jeading to the inhibition of cancer cell proliferation) upon cancer cells treatment

with drugs generating structurally different ICLs.

2. MATERIALS AND METHODS

2.1 Cell culture and reagents

Human breast cancer MCF-7 (p53-proficient) and human chronic myelogenous leukemia
K562 (p53-deficient) cell lines obtained from American Type Culture Collection (Manassas, VA,
USA) were used in this study. MCF-7 cells were cultured within Dulbecco's modified eagle's
medium (DMEM) with 10% fetal bovine serum (FBS), and 50 pg/ml gentamycin. K562 cells were
cultured within RPMI11640, 10% FBS, 2 mM glutamine and 50 pg/ml gentamicin. Cell culture
reagents such as DMEM, RPMI 1640, FBS and gentamicin were obtained from Thermo Fisher
Scientific (Waltham, MA, USA). Both cell lines were maintained in an incubator at 37°C with 5%
CO:s2. On the day before chemical exposure, cells were cultured into 60 mm Petri dishes or flasks.
Cells with about 80% confluence were then ready for chemical exposure.

Mitomycin C (MC) was a generous gift from Prof. M. Tomasz. 10-Decarbamoyl
mitomycin C (DMC) was synthesized following Kinoshita’s protocol.?®

Mammalian Protein Extraction reagent (M-PER) and Halt protease/phosphatase inhibitor
cocktail were obtained from Pierce (Rockford, IL, USA). Protein concentration was determined
by detergent compatible Bio-Rad DC (Hercules, CA, USA). B-actin antibody was obtained from

Sigma-Aldrich (St. Louis, MO, USA). All other antibodies were from Santa Cruz Biotechnology

(Dallas, TX, USA). Western blot analysis reagents, such as Super Signal West Pico



chemiluminescent kit, anti-rabbit 1gG or anti-mouse IgG secondary antibodies conjugated to
horseradish peroxidase as well as stripping buffer were obtained from Pierce (Rockford, IL, USA).
Trifluoroacetic acid, iodacetamide, RIPA buffer, Triton X-100, TCEP-HCL (Tris (2-carboxyethyl)
phosphine hydrochloride), phosphatase inhibitor cocktail 2, phosphatase inhibitor cocktail 3,
sodium citrate, fetal bovine serum (FBS), glycerol and beta-glycerophosphate, disodium salt,
pentahydrate were all purchased from Millipore-SIGMA-Aldrich (St. Louis, MO, USA).
Acetonitrile Optima™ LC/MS, acetic acid, formic acid Optima™ LC/MS, HEPES Buffer,
methanol Optima™ LC/MS and Tris-HCI were all purchased from Fisher Scientific (Pittsburgh,
PA, USA). Urea, dithiothreitol (DTT), ultrapure EDTA (0.5M solution, pH 8.0), ammonium
bicarbonate, potassium chloride, monobasic potassium phosphate, phosphoric acid, HPLC-grade
water and micro-BCA protein assay kit were all purchased from ThermoFisher Scientific
(Waltham, MA USA). Trypsin, Lys-C and GluC, all sequencing grade purity were purchased from

Promega (Madison, W1, USA).

2.2 Chemical treatment
MC and DMC solutions at various concentrations were prepared 15 minutes before

experiments in cell culture media. Concentrations were based on previous studies.'”8 Cells
treated with chemicals were incubated at 37°C for 24 hours. Cells transfected with the ICLs were
incubated in a10 nM final a/B-1CL concentration per Petri dish for 24 hours at 37°C. The
transfection protocol is detailed in section 2.8.
2.3 Western blot analysis

After chemical treatments, cells were lysed with M-PER lysis buffer supplemented with Halt
protease/phosphatase inhibitor cocktail following the manufacturer’s protocol. Protein

concentration was determined by Bio-Rad DC reagents using bovine serum albumin (BSA) to set



up a calibration curve. Western blot analysis was performed as previously described.*® Briefly, 40
ug of total proteins from cell lysates were subjected to 4-20% Mini-Protean TGX gels (Bio-Rad)
for protein separations via SDS-PAGE electrophoresis. After separation, proteins were then
transferred onto polyvinylidene fluoride (PVDF) membranes for immunoblotting. Membranes
were blocked with 5% BSA in phosphate buffered saline (PBS) and 0.05% Tween20 (5% BSA in
PBS/0.05%Tween 20) for 1 hour at room temperature with shaking. Membranes were then
incubated with primary antibody at 1 pg/pl overnight at 4°C with shaking. After incubating with
primary antibody, corresponding horseradish peroxidase-linked secondary antibody was applied
for 1 hour at room temperature with shaking. Membranes were developed using Super Signal West
Pico Chemiluminescent Substrate detection reagents. Chemiluminescent signals were captured
using ChemiDoc Imaging System and analyzed by Image Lab Software (Bio-Rad). After obtaining
the data for the first target protein, membranes were then stripped with Stripping buffer for 15
minutes at room temperature and re-probed with B-actin (1 pg/ul) and ERK antibodies (1 pg/pl)

as the loading control.

2.4 Protein expression profiles of MCF-7 and K562 cells treated with MC and DMC

Proteomics profiling analysis was performed by means of a label-free quantitation (LFQ)
method using modified protocols originally described in detail in other proteomics research
papers.3%3! The comprehensive comparative proteomics profiling of MCF-7/K562 treated with
MC, DMC and the ICLs will be the subject of a future manuscript. We report herein the key
findings regarding the modulation of MAPK/ERK signaling pathway in MCF-7/K562 cells
treated with MC and DMC and the o/B-ICLs.

2.4.1 Sample preparation and nanoLC-MS/MS

10



Total protein concentration from each total cell lysate obtained from the control or drug
treated MCF-7 and K562 cells samples was determined using Bradford micro assay. Equal
protein amounts (50 ug), prepared in technical triplicates, were reduced in 25 mM DTT (Thermo
Scientific) in 50 mM ammonium bicarbonate buffer, at pH 8.5, for 55 minutes at 55°C. The
reduced proteins were further alkylated with 150 mM iodoacetamide solution, in the dark, for 50
minutes at room temperature. Three different enzymes were used for “in solution” digestion in
50 mM ammonium bicarbonate buffer, pH 8.5, for 18 hours, at 37 °C: endoproteinase Lys-C
(1:50 enzyme: protein ratio); trypsin (1:20 enzyme: protein ratio) and Glu-C (1:10 enzyme:
protein ratio) (sequencing grade Promega, Madison, WI, USA). The peptides mixture, extracted
from all enzymatic digestions, were desalted on C18 Prep clean columns before high resolution
liquid chromatography tandem mass spectrometry (LC-MS/MS). The reversed-purified peptide
mixtures from n=3 or n=4 independent treatment experiments were subjected to nanoLC-MS/MS
sequencing on a Q Exactive HF quadrupole orbitrap mass spectrometer with an ESI nanospray
source (Thermo Fisher Scientific, Waltham, MA, USA) using the protocols and services
provided by Creative Proteomics, NY, USA (www.creative-proteomics.com). The mass
spectrometer was operated in a positive ion mode and in data-dependent acquisition (DDA)
mode with the following settings: full MS scans were obtained within a 300 to 1650 m/z range
with a mass resolution of 60,000 at m/z 200, and a target value of 1.00E+06 with a maximum
injection time of 19 ms. HCD collision was performed on the top 20 most significant peaks, and
tandem mass spectra were acquired at a mass resolution of 15,000 at m/z 200 and a target value
of 1.00E+05. Isolation of precursors was performed with a window of 1.4 Th. The dynamic
exclusion time was 30s. The normalized collision energy was 28%. We excluded precursor ions

with single, unassigned, or six and higher charge states from fragmentation selection.
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2.4.2 Protein identification

Raw files from each technical and biological replicate were filtered, de novo sequenced
and assigned with protein ID using Peaks X/X+ and XPro software (Bioinformatics Solutions,
Waterloo, Canada, ON), by searching against the human (Homo sapiens) Swiss-Prot reviewed
database (March 2021; 20385 entries). The following search parameters were applied for LFQ
analysis: for each LysC, trypsin and GluC we allowed one missed cleavage at one peptide end.
The parent mass tolerance was set to 18 ppm using monoisotopic mass, and fragment ion mass
tolerance was set to 0.05 Da. Carbamidomethyl cysteine (+57.0215 on C) was specified in
PEAKS 8.0 as a fixed modification. Methionine, lysine, proline, arginine, cysteine and
asparagine oxidations (+15.99 on CKMNPR), deamidation of asparagine and glutamine (NQ-
0.98) and pyro-Glu from glutamine (Q-18.01 N-term) were set as variable modifications. Data
were validated using the FDR method built in PEAKS X/X+ and XPro and protein
identifications were accepted with a confidence score (-10lgP)>15 for peptides and (-101gP)>15
for proteins; a minimum of 1 peptide per protein after data were filtered for less than 3.0 % FDR
for peptides and less than 4% FDR for protein identification (p<0.05). An independent
validation of the MS/MS-based peptides and protein identification was performed with Scaffold
(version Scaffold 4.5 and higher, Proteome Software Inc.) using the compatible “.mzid” files of
all samples exported from PEAKS X/X+/Xpro. Peptide identifications were accepted if they
could be established at greater than 95.0% probability by the Peptide Prophet algorithm with
Scaffold delta-mass correction. Protein identifications were accepted if they could be established
at greater than 95.0% probability and contained at least 1 identified peptide.

2.4.3 Label-free relative peptide quantification (LFQ)

12



The PEAKS Q module implemented in the PEAKS X/X+/XPro proteomics software
(Bioinformatics Solutions, Waterloo, Canada, ON) was applied to assess the differential protein
expression profiles in MCF-7 and K562 cells treated with 50 uM MC/DMC and 10 nM o/B-ICLs
for 24 hours. Relative protein abundances profiles were extracted from MS1 areas in PEAKS
XIX+/XPro proteomic software using the LFQ module. Normalization was performed using the
corresponding averaged MS1 areas (i.e. abundances) with respect to the total ion current (TIC)
and with respect to the total abundance of actin, which showed no changes during drug
treatment. The protein fold changes were calculated by rescaling their values using a log2
transformation. The complete analysis of proteomics data is presented in the Supporting
Information (Supplementary table S1).

2.4.4 Gene ontology (GO), molecular and cellular pathways enrichment analysis

Networks, functional analyses, biochemical and cellular pathways were generated using
the Ingenuity Pathway Analysis (IPA; Ingenuity Systems, Redwood City, CA, USA) and the list
of proteins extracted from PEAKS DB searches, together with their experimentally determined
ratios corresponding to the protein MS1 areas (abundances) extracted from the LFQ analysis in
the PEAKS software. Specifically, the abundance ratios corresponding to each quantifiable
protein from drugs and ICLs treated MCF-7 and K562 cells vs control, untreated samples, were
used to calculate the experimental fold changes by rescaling their values using a log2
transformation, such that positive values reflected fold increases while the negative values
reflected fold decreases. For network generation, datasets containing gene identifiers (gene
symbols) were uploaded into the IPA application together with their rescaled log2 transformation
of protein’s area ratios. These molecules were overlaid onto a global molecular network

contained in the Ingenuity Knowledge Base. The networks were then algorithmically generated

13



based on their connectivity index using the built-in IPA algorithm. The probability of having a
relationship between each IPA indexed biological function and the experimentally determined
genes were calculated by a right-tailed Fisher’s exact test. The level of significance was set to a
P-value of <0.05. Accordingly, the IPA analysis identified the molecular and cellular pathways
from the IPA library of canonical pathways that were most significant to the dataset (-log (p
value)>2.0). For the quantitative analysis of the expression profiles, IPA assigned a “z-score”
function to all eligible canonical and cellular pathways (where a “z<-1.5” represents significant
down-regulation while a z>1.5 represents a significant up-regulation of the selected pathway).
The proteins associated with the canonical MAPK/ERK signaling pathway were assigned to each
proteome data set using the IPA related database and are presented in the Supporting Information
(Supporting documents S.2.1 to S.2.8).
2.5 Targeted analysis of key signaling phosphoproteins regulating the cancer pathways in
MCF-7 and K562 cancer cell lines treated with MC and DMC

The semi-quantitative detection of phosphorylated human proteins in the MAPK/ERK
and JAK/STAT signaling pathways in the cell lysates from the untreated (control) and MC,
DMC treated MCF-7 and K562 samples was performed using the RayBio® C-Series Human
Phosphorylation Multi-Pathway Profiling Array C55 (Cat# AAH-PPP-1-8) and following the
manufacturer instructions. About 100 pg of total protein lysates from each sample set was
loaded on each provided array membrane, probed accordingly to technical instructions and
developed using chemiluminescence then further quantified in ImageJ. Once the raw numerical
densitometry data was extracted in ImageJ, the background was subtracted, and the data were
normalized to the Positive Control signals for each array. Positive Control Normalization: the

amount of detection antibody printed for each positive control spot is consistent from array to

14



array. As such, the intensity of these positive control signals is used to normalize signal
responses for comparison of results across multiple arrays. The details of normalization and the
final relative quantitative data calculations for each phosphoprotein displayed for each pathway
are presented in the Supporting information (Supplementary table S3). An independent analysis
was performed with the apoptosis antibody arrays purchased from Fullmoon biosystem
(Sunnyvale, CA, USA). Results of the assays were analyzed by the company. For each spot on
the array, median signal intensity (i.e., median value of average signal intensity for all antibodies
on the array, excluding positive marker and negative control) is extracted from the array image.
Average signal intensity of replicate spots is the mean value of median signal intensity of the
replicate spots for each antibody. The CV refers to the coefficient of variation for each
antibody’s replicate spots. Data are normalized as follows: average signal intensity of replicate
spots / median signal normalized. Fold change between control and treatment samples from
normalized data is determined as follows: Treatment sample/control sample.
2.6 Statistics

The results are reported as means + SEM of at least 3 independent experiments.
Statistical significance was determined using one-way analysis of variance (ANOVA) followed
by Dunnett’s post-hoc test (p<0.05, with control at 100%) using the GraphPad PRISM®8 (or
higher version) software for LFQ analysis of proteomics data. The Student's T-Test was applied
for assessing the significance of western blots data. Data from the protein arrays were analyzed
using the two-tailed unpaired one-way analysis of variance (ANOVA) with uncorrected Fishers’
LSD test or two-way ANOVA followed by multiple comparison tests and Holm-Sidak method.
Results were weighted for their statistical significance based on the calculated p-values as

follows: p<0.05 (*); p<0.01 (**); p<0.001 (***) and p<0.00001 (****).

15



2.7 Synthesis of duplex oligonucleotides bearing a single ICL at a specific site
Both syntheses are previously described by us.3?33

2.7.1 a-ICL and tagged a-1CL synthesis

Synthesis of the a-1CL: Briefly, the 25-mer 5’-TCCTCCTATTATTCGTATTCCTCCT-
3’ was annealed to the 12-mer 5°- AATACYMEGAATAA-3’ and then reacted with reduced MC
(4 mmol/mL) using a sub-stoichiometric amount of sodium dithionite to generate the a-
monoadduct. The monoalkylated 25-mer was isolated by HPLC. The a-ICL was generated by
hybridizing the MC-mono-adduct-containing 25-mer with its complementary strand, and the
duplexes underwent further cross-linking by addition of sodium dithionite. The 25-mer duplex
containing the a-ICL was purified by PAGE. The tagged a-ICL was generated by hybridizing
the monoadducted 25-mer with a complementary strand bearing the 5” modification (5'-amino
C6-AF594 fluorophore, Midland Certified Reagent Company, Midland, Texas) tethered to the
oligonucleotide via a 6 carbon atom alkyl chain. The duplex underwent further cross-linking by
addition of Na2S204 and the tagged a-ICL was purified by PAGE and characterized by UV-vis,
enzymatic digestion and mass spectroscopy (Supporting information S4).
2.7.2 Synthesis of the g-1CL

Briefly, the 25-mer 5’-TCCTCCTATTATTGCTATTCCTCCT-3’ was annealed to a 12-
mer 5’- AATAGCAATAA-3’ and the duplex was reacted with fully reduced DMC (generated
using excess sodium dithionite) at 0° C to generate the B-monoadduct. This reaction sequence
(from annealing to addition of fully reduced DMC) was repeated with the same starting materials
three times. The B-monoadduct was isolated by HPLC and the B-1CL was generated by

hybridizing the 25-mer 1”-3 monoadduct with its complementary strand and reducing the
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quinone moiety with Na2SOas to trigger the second arm alkylation and convert the monoadduct
into the B-ICL at 42°C. The final B-ICL was isolated by PAGE.
2.8 Cell transfection

a/B-ICLs and tagged a-1CL (0.5 pug, 0.03 nmi.e. 5.0 pL from a 6.1 puM solution in water)
were diluted into Opti-MEM (480 uL, Gibco). Interferin (10 pL, Polyplus, Illkirch, France) was
added. The mixture was vortexed (10 s) and incubated for 20 minutes to allow for complexation
then transferred into a well of a 6-well plate. MCF-7 and K562 cells (500,000 per well) were
seeded, and the volume was adjusted to 3 mL (complete medium) resulting in a 10 nM final o/p-

ICL concentration per well.
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Figure 2: Transfection of DNA adducts formed by MC and DMC in MCF-7 cells.

2.9 Fluorescence microscopy

MCEF-7 cells stably expressing H2B-GFP** were cultured in DMEM containing Glutamax
and complemented with 10% FBS complete medium (Eurobio, Les Ulis, France) and G418 (0.8
mg/mL, InvivoGen) in a humidified atmosphere at 37°C and 5% CO2. Two hours or 23 hours after

transfection, a mitochondrial staining reagent (3 mL, blue Cytopainter, Abcam, Boston, MA)
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prepared according to the manufacturer’s protocol was added to the plated cells that were further
incubated for an hour with a total incubation time of 3 or 24 hours. Fixation was accomplished by
directly adding paraformaldehyde (Electron Microscopy Sciences) to each well for a 4% final
concentration followed by a 15 minutes incubation at room temperature. Cells were then washed
twice with PBS and the coverslips were mounted with ProLong Gold (Fisher Scientific, Waltham,
MA). Samples were examined with a Zeiss Axio Imager M2 microscope equipped with the
ApoTome.2 system and a Zeiss 40X/1.3 oil Plan-Apochromat objective. Images were acquired
using a Hamamatsu Orca-Flash4.0 camera controlled with Zen 3.3 software. Three-dimensional
image stacks throughout the cells (10 um range, 1 um interval) were captured with the ApoTome

and processed using Fiji software.®

3. RESULTS

3.1 Localization of ICLs after cell transfection

Figure 3 shows the localization of the tagged duplex oligonucleotides, 3 or 24 hours after
transfection. Tagged oligonucleotides are detected as red dots and the green signal identifies the
nuclei of H2B-GFP MCF-7 cells. Enlarged images (bottom images) show that the transfections
did result in the localization of the duplex oligonucleotides inside MCF-7 cells both within or

outside the nuclei and that the oligonucleotides are still present 24 hours after transfection.
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Figure 3: Apotome images showing the localization of the tagged a-1CL in H2B-GFP MCF-
7 cells 3 hours after transfection (left) and 24 hours after transfection (right). Top: Composite
images, images are maximum intensity projections of three-dimensional image stacks. Bottom:
enlarged images (slice). Images show a-ICLs (red dots), MCF-7 nuclei (green signal) and
mitochondria (blue dots).

3.2 Changes in MCF-7 and K562 protein expression profiles in response to MC/DMC and

ICLs treatments
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Figure 4: Summary of proteomic changes in MCF-7 and K562 cells in response to
MC/DMC and o/p-1CL treatment. Venn diagrams depicting proteins identified in the
proteome of MCF-7 and K 562 cells treated by MC/DMC (50 uM) and o/f ICL (10 nM) at
95.0% minimum probability and at least one unique peptide per protein, n=3 replicates for each
sample category: control consists of untreated cells (A, C) or cells transfected with duplex DNA
without an ICL (B, D). The attained FDR was 2-4% for proteins and 0.14%-2% for peptides. All
MS/MS samples were analyzed using PEAKS Studio (Bioinformatics Solutions, Waterloo, ON
Canada; version 10.5 and higher). PEAKS Studio was set up to search the reviewed SwissProt
database (March 2021; 20385 entries for Homo sapiens taxon) as described in detail in the
methods section for data analysis.

Figure 4A depicts the Venn diagram from a total of 2328 proteins identified in the proteome
of MCF-7 treated with MC, DMC, or untreated cells (control). Results show that 570 proteins are
expressed differently upon treatment with MC and/or DMC compared to untreated cells. Among
those, 286 proteins are uniquely differently expressed upon DMC treatment, 129 upon MC

treatment and 155 by both treatments. Figure 4B depicts the Venn diagram from a total of 5490
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proteins identified in the proteome of MCF-7 cells treated with o/f ICL or transfected with a
control duplex DNA. Results show that 928 proteins are expressed differently upon treatment with
a/p ICL compared to control. Among those, 394 proteins are uniquely differently expressed upon
a-ICL treatment, 344 upon B-ICL treatment and 190 by both treatments. Figure 4C shows a total
of 2527 proteins identified in the proteome of K562 cells treated with MC/DMC compared to
untreated cells. Results show that 483 proteins are differently expressed upon treatment with
MC/DMC compared to control. Among those, 186 proteins are uniquely differently expressed
upon MC treatment, 189 upon DMC treatment and 108 by both treatments. Figure 4D depicts the
Venn diagram from a total of 5994 proteins identified in the proteome of K562 cells treated with
o/p ICL. Results show that 1289 proteins are expressed differently upon treatment with o/f3 ICL
compared to control. Among these, 239 proteins are uniquely differently expressed upon a-1CL
treatment, 540 upon B-ICL treatment and 510 by both treatments. Full analysis of these proteomic

studies will be more thoroughly discussed in a future manuscript.

3.3 Targeted analysis of proteomics results reveals that MC and the a-1CL downregulate
the expression of many RAS related proteins in MCF-7 cells while DMC and the g-1CL had
a milder effect

Our lab reported previously that MC/DMC could activate p21WAFYCIPLin MCF-7 (TP53-
proficient) and K562 (TP53 mutant) cells in a TP53-independent mode.1"*® We also discovered
that MC/DMC regulate AKT expression in a TP53-dependent manner and that the
downregulation of AKT is not associated with the p21WAFYCIPL activation in response to
MC/DMC treatment.t”* Since RAS proteins are known players in the upstream mediated
signaling and activation of p21WAFYCIPL which, in turn, controls cell proliferation, we further

investigated whether MC/DMC and their corresponding ICLs products could affect the
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expression of RAS proteins and impact the regulation of the MAPK/ERK signaling pathways in
MCF-7 and K562 cancer cells.

Our global proteomics and LFQ analysis of protein expression profiles show that MC and
DMC treatments downregulate the expression of most RAS related proteins compared to control
in MCF-7 with MC showing a stronger effect compared to DMC (Figure 5). MC downregulated
the expression of 16 out of 21 proteins identified with FDR<4% with 5 protein expressions
showing a log2 fold change <-0.5. DMC downregulated the expression of 12 out of 21 proteins
identified with FDR<4% with 3 protein expressions showing a log2 fold change <-0.5. The a-
ICL downregulated the expression of 17 out of 30 proteins identified with FDR<4% with 2
protein expressions showing a log2 fold change <-0.5 (RAB4B and RAB8A) and 4 showing a
log2 fold change >0.5 (RAB14, RAB24, RAP1A, RAB3A). DMC downregulated the expression
of 15 out of 30 proteins identified with FDR<4% with 4 protein expressions showing a log2 fold
change <-0.5 (RAB4B, RAB8A, RHOT2 and RAP2C) and 2 showing a log2 fold change >0.5
(RAP1A and RAB3A). RAB4B and RABB8A are the most downregulated proteins by both ICLs.
These small GTPases are key regulators of intracellular membrane trafficking, from the
formation of transport vesicles to their fusion with membranes. Rabs cycle between an inactive
GDP-bound form and an active GTP-bound form that is able to recruit to membranes different
sets of downstream effectors directly responsible for vesicle formation, movement, tethering and
fusion. Interestingly, and of importance for the potential anticancer and antiproliferative effects
of ICLs, RAB8A was recently shown to promote breast cancer progression by increasing surface
expression of Tropomyosin related kinase B (TrkB).%® Therefore, the ICLs mediated
downregulation of Rab8A may lead to the inhibition of proliferation, migration, and invasion of

breast cancer cells by decreasing TrkB surface expression. Our data points to RAB8A as a
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potential molecular target of ICLs produced by mitomycins and we propose the prospective

usage of ICLs for sensitizing breast tumor cells to additional radiation or chemotherapies.

Variation of RAS related proteins in MCF-7 cells

Variation of RAS related proteins in
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Figure 5: Relative quantitative changes of RAS related proteins in MC/DMC and o/p ICL
treated MCF-7 cells. The relative protein abundance profiles were extracted from MS1 areas or
MS2 weighted spectra counts in PEAKS X/X+/Pro and Scaffold software respectively, and
further processed to calculate the protein fold changes by rescaling their values using a log2
transformation.

The relative quantitative changes in the total (phosphorylated and non-phosphorylated)
protein expression of N-RAS, ERK1/2 and pERK/ERK upon MC/DMC treatment and of N-RAS
and ERK1/2 upon o/B-ICL treatment were further validated by western blots (Figure 6). We
identified a statistically significant (p<0.05) downregulation in the expression of N-RAS,
ERK1/2 and phospho-ERK1/2 in MCF-7 cells treated with either MC or DMC over a
concentration range spanning from 10 to 75 uM (Figure 6 A-C) while the treatment with ICLs
induced a mild downregulation of N-RAS but no significant change in ERK1/2 protein

expression (Figure 6 D, E).
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Moreover, the relative quantitative changes in the expression of N-RAS, ERK1 and ERK2 upon
treatment of MCF-7 cells with the a/p ICLs (10 nM for 24 hours at 37°C) were also monitored
and quantified using an antibody micro-array (Table 1). In addition to ERK1/2 we chose to
analyze the level of ATM expression, a well-known DNA damage sensor marker. ATM is a
serine/threonine protein kinase, which activates checkpoint signaling upon double strand breaks
(DSBs) and genotoxic stress caused via ionizing UVA light, and potentially, via interstrand

crosslinks formation such as the a/B-ICLs presented here.®

Effect of MC and DMC on RAS, ERK1/2 and pERK expression in MCF-7 cells
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Figure 6: A, B, C: Effects of MC and DMC on N-RAS, ERK1/2 and pERK at various
concentrations (5uM to 75uM) in MCF-7 treated cells for 24 hours. The relative
phosphorylated ERK levels were detected by western blot analysis with total ERK as the loading
control for each sample. The relative phosphorylated ERK levels of controls were taken as 1.
Data were collected from at least 3 independent experiments for drug treatment D, E: Effect of
the o/p ICLs on MCF-7 cells when cells were transfected with 10 nM of each ICL for 24
hours. In the case of ICL treatment, data were collected from at least 3 independent experiments
for N-RAS expression and 2 experiments for ERK1/2 expression. (*: p <0.05 vs control and **p
<0.01 vs control).
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Table 1: Alterations in ERK1, ERK2 and ATM expression quantified by protein array
analysis. Total proteins were extracted from MCF-7 cells transfected with 10 nM of each

ICL for 24 hours. (data are derived from an average of n=3 biological triplicates).

Fold change (Treatment Sample/Control Sample) in ERK1/2 and ATM protein
expression in MCF-7 cells upon a/p-1CL treatment

a-1CL p-ICL

ATM 0.95 (+0.05) 1.10 (+0.13)
ERK 1 1.47 (+0.06) 1.15 (+0.03)
ERK 2 0.81 (+0.04) 0.87 (+0.02)

The data from table 1 suggests that ICL treatment induced a slight decrease in ATM expression
in the case of the a-1CL (a 0.95-fold decrease vs control) and a slight increase in the case of the
B-1CL (a 1.10-fold increase vs control). In addition, ERK2 was shown to be slightly more
downregulated by both ICL than ERK1 which was significantly upregulated by a-ICL treatment

(a 1.47-fold increase vs control).

3.4 IPA analysis predicts that the MAPK/ERK pathway is substantially downregulated in

MCF-7 by both MC and the a-ICL while DMC and B-1CL have negligible consequences on

the same signaling transduction network
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Figure 7: IPA-predicted MAPK/ERK signaling pathway in MCF-7 breast cancer cells
showing the MC (A) and DMC (B) mediated quantitative changes in the relative protein
abundance profiles as compared with the untreated (control) samples. Protein fold changes
are indicated so that fold increases are depicted in red while fold decreases are shown in green.
Relative protein abundance profiles predicted by IPA to be inhibited due to their networking
relationship with the experimentally identified genes are shown in blue, while the genes that

were predicted to be activated are shown in orange.
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Figure 8: IPA-predicted MAPK/ERK signaling pathway in MCF-7 breast cancer cells
showing the a-ICL and p-1CL mediated quantitative changes in the relative protein
abundance profiles as compared with the control samples (cells transfected with duplex
DNA without an ICL). Protein fold changes are indicated so that fold increases are depicted in
red while fold decreases are shown in green. Relative protein abundance profiles predicted by
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IPA to be inhibited due to their networking relationship with the experimentally identified genes
are shown in blue, while the genes that were predicted to be activated are shown in orange.

We complemented the analysis described in 3.3 with label-free quantitative (LFQ)
proteomics profiling to reveal signaling networks that regulate the activation/inhibition of the
MAPK/ERK pathway in response to MC/DMC and ICLs treatment. Fold changes upon
treatment (MC/DMC and o/B-1CL) in the expression of each quantifiable protein were calculated
using the IPA algorithm as described in the methods section. The probability of having a
relationship between each IPA indexed biological function and the experimentally determined
genes were calculated by a right-tailed Fisher’s exact test. The level of significance was set to a
p-value of <0.05. Accordingly, the IPA analysis identified the molecular and cellular pathways
from the IPA library of canonical pathways that were most significant to the dataset (-log (p
value)>2.0). In summary, our bioinformatic analysis (Ingenuity Pathway Analysis) predicted
that in the case of MCF-7 cells, both MC/DMC downregulate the MAPK/ERK pathway. IPA
assigns a “z score” to all eligible cellular pathways (z<-1.5 represents significant downregulation
while z>1.5, significant upregulation). MC was predicted to strongly downregulate this pathway
based on the IPA-assigned negative activation z-score (-2.55), whereas DMC was predicted to
mildly downregulate the MAPK/ERK pathway (z=-0.21) (Figure 7). In the case of ICL
treatment, IPA predicted a different effect for each ICL. The a-ICL was predicted to mildly
downregulate the MAPK/ERK pathway (z=-0.24) while the B-ICL was predicted to slightly
upregulate it (z=+0.36) (Figure 8). The relative quantitative changes in the expression levels of
all molecules quantified by LFQ analysis and IPA-analysis of proteomics data in this pathway
are available in the supporting information section of this manuscript (Supporting documents

S.2.110S.2.4).
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3.5 The relative phosphorylation level of many proteins mapped to the JAK/STAT
signaling pathway decreases in response to MC and DMC treatment while the p-CREB and
p-ERK are the most downregulated proteins mapped to the MAPK/ERK signaling axis in

MCEF-7 breast cancer cells
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Figure 9: Role of JAK Kinases in the upstream component of the MAPK/ERK pathway.
Schematic signaling networks showing the crosstalk between the JAK and MAPK/ERK
pathways (based on references 27 and 28)

Studies on MAPK/ERK signaling during the last two decades showed that JAK kinases
can function as upstream components of at least two signaling pathways that diverge upstream of
RAS, one leading to the activation of STATSs and the other to activation of MAPK/ERK via the
RAS/RAF-1/MEK signaling axis. Most ligands that activate the JAK/STAT pathway were also
shown to activate the RAS mediated pathway leading to MAPK/ERK activation (Figure 9).2"%
We rationalized that a potential decrease in the phosphorylation-induced activation of the
JAK/STAT pathway in response to extracellular signals could lead to the decrease in the site-
specific phosphorylation of MAPK and ERK with ensuing downregulation of their kinase
activity. Accordingly, we further investigated the changes in the level of phosphorylated proteins
using phosphoprotein microarray assays in MCF-7 cells (Figure 10). Figure 10 shows that both

drugs decreased the level of most phosphorylated proteins in the JAK/STAT pathway, with MC
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showing a stronger effect, which correlates with the stronger downregulation of the MAPK/ERK
pathway by MC (z=-2.55) compared to DMC (z=-0.21) as predicted by the IPA analyses of LFQ

proteomic data presented in Figure 7.
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Figure 10: Changes in the level of phosphorylated proteins mapped to the JAK/STAT and
MAPK/ERK pathways in MCF-7 cells upon MC/DMC treatment (50 uM for 24 hours).
The quantitative changes in the phosphorylation of targeted signaling molecules was performed
using the total protein extracts from each MCF-7 treatment and specific mixture of antibodies
directed against each investigated phosphosite; the arrays were developed with secondary
antibodies coupled with HRP using the protocol from RayBio® C-Series Human
Phosphorylation Multi-Pathway Profiling Array C55 (Cat# AAH-PPP-1-8). The quantitative
changes in the reported phosphosites were determined from the chemiluminescence readings and
calculated as described in the methods sections. The data from phosphoproteomics arrays
analysis are presented in Supporting information (Supplementary table S3). Data from the
protein arrays were analyzed using the two-way ANOVA followed by multiple comparison tests
and Holm-Sidak method. Results were weighted for their statistical significance based on the
calculated p-values: p <0.05 (*); p<0.01 (**); p<0.001 (***) and p<0.00001 (****).

3.6 Targeted analysis of proteomics results shows that MC/DMC and the a/p-1CL
upregulate the expression of most RAS-related proteins in K562 cells but that DMC and

the B-1CL show a milder effect
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Once we had established the effects of MC/DMC and the a/B-1CLs on RAS related
protein expression and had delineated the impact of drug and ICL treatment on the signaling
networks within the MAPK/ERK and JAK/STAT pathways in MCF-7 cells (WT TP53), we
decided to perform similar analyses with TP53 mutant K562 cells. The targeted LFQ
proteomics analysis presented in Figure 11 highlights that MC and DMC treatments, overall,
upregulate the expression of many RAS-related oncogenic proteins in K562 cells. Remarkably,
MC exhibited a stronger effect as compared to DMC. MC upregulated the expression of 13
proteins out of 20 identified with an FDR<4% with 10 protein expressions showing a log2 fold
change >0.5. DMC upregulated the expression of 19 proteins out of 27 proteins identified with
FDR<4% with 10 protein expressions showing a log2 fold change >0.5. In contrast, each ICL
had a different effect on the expression of RAS-related proteins. The a-ICL upregulated the
expression of 21 proteins out of 36 proteins identified with FDR<4% with 7 protein expressions
showing a log2 fold change >0.5. The 3-1CL downregulated the expression of 23 proteins out of
36 proteins identified with FDR<4% with only 1 protein expression showing a log2 fold change
>0.5. For both ICLs, the most downregulated protein is RAB13.%® Studies point to RAB13 as a
key regulator involved in insulin-induced transport to the plasma membrane of the glucose
transporter GLUTA4; thus, playing a role in glucose homeostasis. As such, the downregulation of
Rab13 by both ICLs could induce K562 cancer cell starvation through the impairment in the
intracellular import of glucose which could be affected by the decreased numbers of glucose
transporters GLUT4. Remarkably our LFQ analysis of other cellular signaling pathways showed
that both glycolysis and gluconeogenesis are significantly downregulated in K562 cells treated
with either MC or DMC (data to be disclosed in a future manuscript containing detailed LFQ

proteomics and statistical analysis of MC vs DMC vs ICLs mediated changes in the protein
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expression profiles in K562 in contrast to MCF-7 cancer cells). Moreover, RAB13 is a well
characterized tumor promoting signaling molecule for many cancers, including pancreatic,
colorectal, stomach, mammary glands, among others (https://www.disgenetplus.com/).
Therefore, our data identified RAB13 as a potential molecular target of ICLs produced by

mitomycins in leukemia cell lines.

Variation of RAS related proteins in Variation of RASrelated proteins in K562 cells
K562 cells treated with MC/DMC treated with the a/B ICL
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Figure 11: Relative quantitative changes of the level of RAS related proteins in MC/DMC
and o/p ICL treated K562 cells. The relative protein abundance profiles were extracted from
MS1 areas or MS2 weighted spectra counts in PEAKS X/X+/XPro and Scaffold software
respectively, and further processed to calculate the protein fold changes by rescaling their values
using a log2 transformation.

The relative quantitative changes in the total (phosphorylated and non-phosphorylated)
protein expression of N-RAS, ERK1/2 and pERK/ERK upon MC/DMC treatment and of N-RAS
and ERK1/2 upon ICL treatment were further validated by western blots (Figure 12). As in the
case of MCF-7 breast cancer cells, we determined the relative quantitative changes in the
expression of N-RAS, ERK1 and ERK2 upon treatment of K562 cells with the o/f ICLs (10 nM
for 24 hours at 37°C) using an antibody micro-array (Table 2). Similarly, we analyzed the level

of expression of ATM. The data presented in Table 2 suggests that a/B-1CLs treatment induced a
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slight increase in ATM expression in K562 cells, a very similar effect as the one observed in
MCF-7 breast cancer cells when treated with the B-ICL using the same dose and time of
exposure (see Table 1). In addition, o/B-ICL treatment resulted in a stronger ERK1
downregulation than in the case of MCF-7 cells. However, only a-1CL treatment resulted in the

downregulation of ERK2 in K562 cells.

Table 2: Alterations in ERK1, ERK2 and ATM expression quantified by protein array
analysis. Total proteins were extracted from K562 cells transfected with 10 nM of each ICL

for 24 hours (data are derived from an average of n=3 biological triplicates).

Fold change (Treatment Sample/Control Sample) in ERK1/2 and ATM protein
expression in K562 cells upon o/p-1CL treatment

a-ICL B-ICL
ATM 1.13 (20.07) 1.12 (£0.04)
ERK 1 0.70 (+0.06) 0.81 (+0.03)
ERK 2 0.69 (+0.03) 1.02 (+0.03)

Additionally, the western blot analysis presented in Figure 12 reveals that the expression
of N-RAS showed no significant-change upon treatment with MC/DMC as compared to control
and only DMC treatment triggered a modest downregulation of ERK1/2 expression at
concentration above 5uM. Both drugs increased the level of p-ERK/ERK significantly at
concentrations as low as 5uM with DMC (Figure 12). In contrast, the expression of N-RAS
decreased in the presence of o/f ICLs in K562 cell line. The downregulation of N-RAS
expression was stronger upon transfection with both ICLs in TP53 mutant K562 cells than in WT
T53 MCF-7 cells. The downregulatory effect on ERK1/2 expression upon ICL transfection was

modest in each case and in both cell lines.
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Effect of MC and DMC on RAS, ERK1/2 and pERK expression inK562 cells
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Figure 12 A, B, C: Effects of MC and DMC on N-RAS, ERK1/2 and pERK at various
concentrations (5uM to 75 uM) in K562 cells treated cells for 24 hours. The relative
phosphorylated ERK levels were detected by western blot analysis with total ERK as the loading
control for each sample. The relative phosphorylated ERK levels of controls were taken as 1.
Data were collected from at least 3 independent experiments for drug treatment. D, E: Effect of
the a/p-1CLs in K562 cells when cells were transfected with 10 nM of each ICL for 24
hours. In the case of ICL treatment, data were collected from at least 3 independent experiments
for N-RAS expression and 2 experiments for ERK1/2 expression. (*: p <0.05 vs control and **p
<0.01 vs control).

3.7 IPA analysis predicts that the MAPK/ERK pathway is modestly upregulated by MC
and the a-1CL whereas DMC and the B-1CL mildly downregulate the same signaling

network
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Figure 13: IPA-predicted MAPK/ERK signaling pathway in K562 cells showing the MC
(A) and DMC (B) mediated quantitative changes in the relative protein abundance profiles
as compared with the untreated (control) samples. Protein fold changes are indicated so that
fold increases are depicted in red while fold decreases are shown in green. Relative protein
abundance profiles predicted by IPA to be inhibited due to their networking relationship with the

experimentally identified genes are shown in blue, while the genes that were predicted to be
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Figure 14: IPA-predicted MAPK/ERK signaling pathway in MCF-7 breast cancer cells
showing the a-ICL and B-1CL mediated quantitative changes in the relative protein
abundance profiles as compared with the control samples (cells transfected with duplex
DNA without an ICL). Protein fold changes are indicated so that fold increases are depicted in
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red while fold decreases are shown in green. Relative protein abundance profiles predicted by
IPA to be inhibited due to their networking relationship with the experimentally identified genes
are shown in blue, while the genes that were predicted to be activated are shown in orange.

We complemented the analysis described in 3.6 with label-free quantitative (LFQ)
proteomics profiling to reveal signaling networks regulating the activation/inhibition of the
MAPK/ERK pathway in response to MC/DMC and ICLs treatment in K562 cells. This was
performed to compare the activation of that pathway in TP53 proficient (MCF-7) vs mutant
TP53 (K562) cell lines upon MC/DMC/ICLs treatment (section 3.4 vs 3.7). Fold changes upon
treatment (MC/DMC and o/B-1CL) in the expression of each quantifiable protein were calculated
using the IPA algorithm as described in the methods section.

In summary, our bioinformatic analysis (Ingenuity Pathway Analysis) of LFQ proteomics
data predicts that in the case of K562 cells MC and DMC have opposite effects on the
MAPK/ERK pathway activation (Figure 13). MC is predicted to mildly upregulate the
MAPK/ERK pathway with an IPA-assigned positive activation z-score (z= +0.56), whereas
DMC is predicted to mildly downregulate the MAPK/ERK pathway (z=-1.00) (Figure 12). In the
case of ICL treatment, IPA predicts that each ICL effect correlates with that of the drug
treatment which produces that ICL. The a-ICL (MC major ICL), like MC, is predicted to mildly
upregulate the MAPK/ERK pathway (z=+0.38) while the B-ICL is predicted to slightly
downregulate it (z=-0.64) (Figure 14). The relative quantitative changes in the expression levels
of all molecules quantified by LFQ analysis and IPA-analysis of proteomics data in this pathway
are available in the supporting information section of this manuscript (Supporting documents

S$.2510S.2.8).

35



3.8 The phosphorylation level of many proteins mapping to the JAK/STAT and
MAPK/ERK signaling pathways are downregulated by MC/DMC in K562 cells with DMC
showing a stronger downregulatory effect than MC in MAPK/ERK signaling

The phosphorylation levels of many proteins mapping to the JAK/STAT signaling pathway
decreased in response to both MC and DMC treatment (Figure 15). We observed that MC and
DMC strongly decreased the level of all but 2 phosphoproteins in that pathway (EGFR and
SHP2). Moreover, MC/DMC treatment led to a stronger downregulatory effect on p-STAT2,3,5
in K562 cells than in the case of MCF-7 cells. DMC showed a stronger downregulatory effect on
p-MEK, p-P38 and mutant p-P53 expression in proteins mapped to the MAPK/ERK signaling
axis in K562 cells. This correlates with the stronger downregulation (z=-1.00) of the

MAPK/ERK pathway observed upon DMC treatment versus MC treatment in K562 cells.
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Figure 15: Changes in the level of phosphorylated proteins in the MAPK/ERK and
JAK/STAT pathway in K562 cells upon MC/DMC treatment (50uM for 24 hours). The
quantitative changes in the phosphorylation of targeted signaling molecules was performed using
the total protein extracts from each K562 treated condition and specific mixture of antibodies
directed against each investigated phosphosite; the arrays were developed with secondary
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antibodies coupled with HRP using the protocol from RayBio® C-Series Human
Phosphorylation Multi-Pathway Profiling Array C55 (Cat# AAH-PPP-1-8). The quantitative
changes in the reported phosphosites were determined from the chemiluminescence readings and
calculated as described in the methods sections. The data from phosphoproteomics arrays
analysis are presented in the supporting information section (Supplementary Table 3). Data from
the protein arrays were analyzed using the two-way ANOVA followed by multiple comparison
tests and Holm-Sidak method. Results were weighted for their statistical significance based on
the calculated p-values: p <0.05 (*); p<0.01 (**); p<0.001 (***) and p<0.00001 (****).

4. DISCUSSION

4.1 Effect of MC/DMC and o/p-1CLs on MAPK/ERK pathway in WT P53 MCF-7 cell line

Table 3: Summary of the effect of MC/DMC and a/B-1CLs on RAS related oncogenic
proteins and MAPK/ERK pathway activation in MCF-7 and K562 cells.

Cell line MCF-7 K562
Treatment MC a-ICL DMC p-1ICL MC a-ICL DMC p-1ICL
RAS related 1 l l = t t t l
proteins

MAPK/ERK z:-2.55 z:-0.24 z:-0.21 z:0.36 | z:0.56 z: 0.38 z:-1.00 z:-0.64

pathway

NRAS $ 1 1|3 ] 4 1 l

ERK1/2 ERK1 ERK1 ERK1 ERK1
v l N | 1 ) 1

ERK?2 ERK2 ERK2 ERK2
| | -

pPERK/ERK l NA l NA t NA t NA

The research presented herein is the first to show the effects of two mitomycins, MC and
DMC, on the regulation of RAS related proteins and on the activation of the MAPK/ERK pathway

in MCF-7 cell lines. Table 3 summarizes our findings. Overall MC and DMC were both efficient
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in decreasing the relative abundance of both RAS and RAS related proteins as well as ERK1/2 and
phospho-ERK1/2 proteins. Accordingly, the bioinformatics analysis performed from our
proteomic profiling data predicts that MC and DMC both downregulate the MAPK/ERK signaling
pathway with MC showing a stronger downregulatory effect. Both drugs form stereoisomeric ICLs
in mammalian cells called a-ICL (trans) and B-ICL (cis), respectively and the current scientific
paradigm is that these ICLs are primarily responsible for the cytotoxicity of mitomycins. However,
since mitomycins also generate other types of adducts (DNA monoadducts and protein adducts),
the exact role of each ICL and of its structure in the toxicity of these compounds is not well
understood. We designed an assay whereby a double-stranded oligonucleotide bearing a single
ICL at a specific site is transfected into cells. After transfection, protein lysates are used to pinpoint
the effect of each ICL on protein expression. Our data show that both ICLs triggered the
downregulation of N-RAS proteins with the B-1CL showing a stronger downregulatory effect than
the a-ICL. The effect on total ERK expression was small and similar for both ICLs and our results
suggest that ERK2 expression is more impacted by both ICLs than ERK1 expression. In addition,
bioinformatics analysis predicts that each ICL has a different effect on the MAPK/ERK signaling
pathway: while the a-ICL is predicted to downregulate the MAPK/ERK pathway, the B-ICL is
predicted to upregulate that same pathway. Overall results suggest that the MAPK/ERK pathway
in MCF-7 cells is more strongly downregulated by MC and the a-ICL than by DMC and the B-
ICL suggesting that the structure of DNA lesions formed by mitomycins is relevant to the impact
of the drug on the RAS signaling pathway activation in MCF-7 cells. Changes in the level of
phosphorylated proteins mapped in the MAPK/ERK pathway in MCF-7 cells upon MC/DMC
treatment show that p-CREB (Ser 133) is the most downregulated phosphoprotein. In canonical

CREB signaling, CREB becomes activated through phosphorylation of Serine 133 in response to
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the CAMP-dependent protein kinase A (PKA) pathway and plays a central position orchestrating
cell survival, growth, and differentiation.®® Our results show that this downregulation is more
pronounced upon DMC treatment, therefore, this downregulation may be a major mechanism

through which DMC impacts MCF-7 cell proliferation.

4.2 Effect of MC/DMC and o/p ICLs on RAS and ERK1/2 expression in TP53 mutant K562
leukemia cell line

MC and DMC did not have any effect on the expression of N-RAS in TP53 mutant K562
cells although both the corresponding ICLs products of each drug were capable of downregulating
N-RAS expression. MC and DMC as well as both ICLs slightly downregulated ERK1/2
expression. Surprisingly, the phosphorylated level of ERK proteins increased upon MC/DMC
treatment. Overall, the bioinformatics analysis of our LFQ proteomic profiling data predicts that
both MC and the a-ICL upregulate the MAPK/ERK signaling pathway whereas DMC and the 3-
ICL show a downregulatory effect. In summary, these findings suggest that in TP53 mutant K562
cells the stereochemical configuration of the major ICL produced by each drug is a determinant
factor contributing to the differential regulation of the MAPK/ERK pathway.

The noticeable effects of MC and DMC on the MAPK/ERK pathway in K562 cells were
further evidenced by changes in the level of phosphorylated proteins mapped to this pathway.
Figure 15 shows that phosphoprotein p-CREB (Ser 133), p-MEK (Ser 217/221), p-P38 (Thr
180/Tyr 182), p-RSK1 (Ser 380) and mutant p-P53 are all downregulated upon DMC treatment.
In contrast, MC treatment triggered an increase in the expression of p-MEK (Ser 217/221), p-
MKKG6 (Ser 207), p-RSK1 (Ser 380) and p-RSK2 (Ser 386). These results correlate with the
regulation of the MAPK/ERK pathway by MC/DMC identified through bioinformatics analysis of
our LFQ proteomics data. Relevant to our previous study on MC/DMC impact on p21WAF/CIPL
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expression, it should be noted that p38, which is strongly affected by MC/DMC treatment, plays a
major role in the negative regulation of cell cycle progression at both G1/S and G2/M transition

through the upregulation of CDK inhibitors.*

4.3 Effect of MC/DMC on phosphoproteins mapped in the canonical JAK/STAT pathway.

Most phosphoproteins in the JAK/STAT canonical pathway are downregulated upon
MC/DMC treatment in MCF-7 and K562 cell lines. MC shows a stronger downregulating effect
in MCF-7 than DMC, whereas the effect of both drugs is similar in K562 cells. The most
downregulated phosphoproteins in this pathway are p-JAK1, p-JAK2, p-SHP1 and the phospho-
STATSs proteins. JAK1 plays a crucial role in effecting the expression of proteins that mediate
inflammation, epithelial remodeling and metastatic cancer progression. JAK2 is essential for
growth factor signaling which is also regulated by SHP1.4142 STATS proteins are transcription
factors which also mediate cellular proliferation and apoptosis. Our results suggest that MC/DMC
impact on phosphoprotein expression mapped in the JAK/STAT pathway contribute to the anti-
proliferation effect observed in MCF-7 and K562 cells upon drug treatment.

The JAK/STAT canonical pathway is known to signal upstream of the MAPK/ERK
pathway. In MCF-7 cells, both pathways are downregulated by MC/DMC treatment. The same
correlation is observed in TP-53 mutant K562 cells upon DMC treatment whereas, with MC, the
downregulation of the JAK/STAT pathway contrasts with the upregulation of the MAPK/ERK
pathway. Indeed, both MC and the a-ICL are shown to upregulate MAPK/ERK. This highlights

the complexity of cellular mechanisms which are fine-tuned by multiple, cross-talking pathways.
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4.4 Potential upstream signaling of p21WAFLCIPL gctivation in the control of cell proliferation
and cell death by mitomycins

Our investigation on the impact of MC/DMC on RAS signaling stems from our interest in
determining the upstream signaling of p21WAFYCIPL activation in the control of cell proliferation
and cell death by mitomycins in cells with or without a functional TP53. We previously showed
that both MC/DMC activate p21 in MCF-7 cells (WT TP53) and K562 cells (mutant TP53) in a
p53-independent mode,*” however, the upstream signaling of p21WAFYCIPL remains unidentified.
TP53-independent p21WAFYCIPL transcription has been reported by several RAS-related
transcription factors, depending on the cell line and the cellular context: ELK-1 in sodium arsenite-
exposed human keratinocyte HaCaT cells,*® C/EBP and Ets transcription factors in MAPK-
activated human hepatocarcinoma HepG2 cells,** TAT1 and 3 in IL-6 stimulated osteosarcoma
MG63 cells® and Forkhead Box O transcription factors in response to Raf/MEK and JNK
activation in B-RafV600E melanoma cells.*® Moreover and relevant to this study, research by
others showed that Sp1 may replace TP53 to mediate p21WAFY/CIP! transcription in Raf/MEK/ERK-
activated cancer cells with a mutated TP53 (U251, LNCaP and SK-MEL28) and that Spl
requirement in Raf/MEK/ERK-induced p21WAFYCIPL transcription is subject to TP53 status.*” Our
results here show that in the case of TP53 mutant cells K562 and in contrast to TP53 proficient
MCF-7 cells, pERK/ERK expression increases in response to the MC/DMC treatment. This
activation of ERK may also be involved in the regulation of p21WAFYCIPL activation although the
molecular mechanism through which this might occur remains to be elucidated. It will be
particularly interesting to investigate the role of Sp1 in p21WAFYCIPL transcription in K562 cells

upon treatment with MC/DMC.
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Apart from direct transcription, p21WAFYCIPL activation is also modulated through
phosphorylation. At least 7 phosphorylation sites (Thr57, Ser130, Thr145, Ser146, Serl4, Ser153
and Serl60), targeted by a diversity of distinct kinases, play a role in the regulation of
p21WAFL/CIPL 48 \\je have previously investigated the phosphorylation of p21WAFYCIPL gt Thr145 and
Ser146 in MCF-7 and K562 upon MC/DMC treatments, which affects p21/PCNA binding as well
as regulates p21WAFYCIPL interplay with its associated proteins, its localization and stability. We
found that MC/DMC treatment triggered p21WAFYCIPL activation in both cell lines through a
decreased level of relative phosphorylation at Thr145.1" This results in the nuclear localization of
p21WAFLCIPL and the ability for p21WAFYCIPL tg interact with PCNA. We found that the deactivation
of AKT, a main kinase able to phosphorylate p21¢', occurs in MCF-7 cells, but not in K562 cells
upon MC/DMC treatment. However, this deactivation of AKT by MC and DMC is p53-dependent
and therefore, is not responsible for the TP53 independent activation of p21WAFYCIPL jn MCF-7
cells (WT TP53) and K562 cells (mutant TP53).*

Pim-1%°, PKA®, and PKC*® are other kinases able to phosphorylate p21WAFYCIPL at Thr 145.
Therefore, the potential regulation of the TP53-independent phosphorylation of p21WAF/CIPL

observed in MCF-7 and K562 upon MC/DMC treatment warrants further investigation.

5. Conclusion
Our results on the effect of MC/DMC on RAS signaling opens several avenues for
research: 1) one possibility is that crosstalk between the RAS pathway and transcriptional
regulation of genes encoding proteins of the downstream branch of the cCAMP-PKA pathway may
be involved in the regulation of p21WAFYCIP1 phosphorylation since the level of PKA expression is
impacted by MC/DMC treatment in MCF-7 cells (Figure 7) and K562 cells (Figure 12)° 2) It

would also be interesting to monitor the phosphorylation of p21WAFYCIPL at Thr57 and Ser130 of
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p21WAFLCIPL since these sites are specific phosphorylation sites for ERK2 and since the expression
of ERK2 seems to be more impacted by the ICLs than ERK1 in both cell lines.>? Data from the
literature also indicates that ATM, whose expression is mildly impacted by both ICLs in both cells
lines, can activate ERK and mediate cell cycle arrest in a p53-independent manner.® 3)
p21WAFLCIPL activation can also be modulated by phosphorylation at Ser146. We previously found
that only DMC was able to induce p21WAFYCIPL dephosphorylation at Ser146 in K562 cells albeit
at a high concentration. One possibility is that PKC or RSK 2, downstream effector targeted by
ERK1/2, can phosphorylate p21WAFY/CIPL 4t Ser146 upon DMC treatment in K562 cells.>* 4)
Previous studies also showed that p21"AF/CIP1 can be phosphorylated by the Pim-1 kinase. Since
Pim-1 transcription is initiated by STAT3 and STATS, and since both MC and DMC decrease the
level of phosphorylated of STAT3/5 in both cell lines, it would be relevant to investigate if the
drugs effect on STAT3/5 phosphorylation status leads to a decrease in piml protein expression
that could further affect p21WAFY/CIP1 phosphorylation level .5

So far, our hypothesis is that DNA ICLs formed by MC/DMC are responsible for events leading
to the TP53-independent changes in the p21WAFYCIPL protein expression/phosphorylation detected
in MCF-7 and K562 cancer cells. This proposed molecular mechanism of action was backed up
by the fact the o-ICL itself was enough to cause p21WAFYCIPI activation and regulation of AKT
phosphorylation in MCF-7 cells.}"*® Results reported herein show that RAS expression is
downregulated by both ICLs in both MCF-7 and K562 cell lines. However, one alternative
explanation is that ROS produced by MC/DMC treatments induce several redox-dependent
changes in cell cycle-related proteins. One of these is the p53-independent accumulation of
p21WAFLCIPL ‘which requires the integrity of the RAS-MAPK pathway.>® This alternate mechanism

may also be responsible for MC/DMC impact on p21 activation.
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Finally, this study has identified two potential molecular targets of mitomycin ICLs:
RABS8A, which was recently shown to promote breast cancer progression, was strongly
downregulated by both ICLs in breast tumor cells MCF-7 whereas RAB13, an oncogenic driver
for many cancers, was strongly downregulated by both ICLs in leukemia K562 cells. These
findings open therapeutic avenues for the prospective usage of ICLs to sensitize tumor cells to

additional radiation or chemotherapies.
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Highlights

e Mitomycin C (MC) and its major ICL downregulate MAPK/ERK pathway in MCF-7

e MC analog (DMC) and its major ICL downregulate MAPK/ERK pathway in K562

e The stereochemistry of ICLs contributes to the differential regulation of
MAPK/ERK

o JAK/STAT pathway is downregulated by MC/DMC treatment in both MCF-7 and
K562

e RABS8A and RAB13 are potential molecular targets of MC/DMC ICLs
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