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candidate therapeutic target to overcome
platinum resistance.
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SUMMARY

Resistance to platinum compounds is a major determinant of patient survival in high-grade serous ovarian
cancer (HGSOC). To understand mechanisms of platinum resistance and identify potential therapeutic tar-
gets in resistant HGSOC, we generated a data resource composed of dynamic (xcarboplatin) protein,
post-translational modification, and RNA sequencing (RNA-seq) profiles from intra-patient cell line pairs
derived from 3 HGSOC patients before and after acquiring platinum resistance. These profiles reveal exten-
sive responses to carboplatin that differ between sensitive and resistant cells. Higher fatty acid oxidation
(FAO) pathway expression is associated with platinum resistance, and both pharmacologic inhibition and
CRISPR knockout of carnitine palmitoyltransferase 1A (CPT1A), which represents a rate limiting step of
FAO, sensitize HGSOC cells to platinum. The results are further validated in patient-derived xenograft
models, indicating that CPT1A is a candidate therapeutic target to overcome platinum resistance. All multio-
mic data can be queried via an intuitive gene-query user interface (https://sites.google.com/view/
ptrc-cell-line).

INTRODUCTION

Since the 1970s, platinum compounds have been widely used to
treat malignancies, e.g., lung, ovarian, head and neck, testicular,
bladder, and other cancers.* Platinum compounds form cova-
lent adducts on DNA, RNA, and proteins,.5 Platinum reacts
preferentially at the N7 position of guanine and adenine to form
intra- and/or inter-strand crosslinks that disrupt DNA transac-
tions (e.g., replication and transcription), leading to DNA strand
breaks and cell death.®

Despite initial responses, most tumors develop platinum resis-
tance, associated with poor survival.” Platinum resistance is
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multifactorial, involving alterations in drug transporters, detoxifi-
cation, removal of reactive oxygen species (ROS), DNA repair,
oncogenes, metabolic reprogramming, and cell-death path-
ways.®'" Remarkably, despite >30 years of literature on plat-
inum responses in human cancer,'>'® none of these findings is
used clinically to stratify patients for platinum resistance or ex-
ploited therapeutically to treat platinum-resistant disease.
High-grade serous ovarian cancer (HGSOC) is the most com-
mon and lethal epithelial ovarian cancer (OC)."* Standard of care
is surgical debulking coupled with platinum-based chemo-
therapy.'®'® HGSOCs are typically diagnosed at late stage,
and tumor response to carboplatin-based chemotherapy is a
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major determinant of patient survival.'” Although ~85% of
HGSOCs are initially sensitive to platinum-based therapy, most
become resistant. The remaining 15% of HGSOCs are refractory
to platinum-based therapy at the time of diagnosis, showing no
response or even growing through chemotherapy.'® ' Thus, un-
derstanding mechanisms of platinum resistance is an urgent
clinical goal, both to identify predictive biomarkers of platinum
response (to spare patients with resistant tumors futile platinum
therapy) and to develop efficacious therapies for platinum-resis-
tant disease.

Limited quantitative proteomic studies have focused on under-
standing platinum resistance. Li et al.”° identified 28 proteins asso-
ciated with resistance using the OC COC1/DDP cell line. A 2013
study of genetically engineered mouse mammary tumors indi-
cated upregulation of fatty acid synthesis and metabolism genes
in the cisplatin-resistant mouse model.?" A 2017 study identified
proteomic differences between cisplatin-sensitive (M019i) and
resistant (M019iCis) HGSOC cells, and the results suggested
that increased phosphorylation of sequestosome-1 (p62/
SQSTM1) was associated with cisplatin resistance.”” In 2018, a
study showed that phosphorylation of p38 mitogen-activated pro-
tein kinase (MAPK) was increased by carboplatin more markedly in
the cisplatin-sensitive OC cell line A2780s than its derivative
cisplatin-resistant A2780cp cells.?® A 2020 study identified 48 pro-
teins differentially expressed between A2780 and A2780cp; the
glycolysis enzyme Enolase-1 (ENO1) was significantly decreased
inthe cisplatin-resistant OC cells.”* Most recently, differentially ex-
pressed proteins were identified between platinum-resistant OC
cell lines (TOV-112D, OVSAHO, and MDAH-2774) and their
parental cells, and HSP90 was implicated as a central hub of these
protein networks.”® To date, no multiomic profiling of the dynamic
response of cancer cells to platinum has been reported.

To study mechanisms underlying platinum resistance in
HGSOC, we performed comprehensive, dynamic (+carboplatin)
profiling of DNA, RNA, protein, and post-translational modifica-
tions (phosphorylation, ubiquitination, and acetylation) to identify
the cellular networks that respond to platinum treatment and
associate with platinum resistance in 3 HGSOC intra-patient cell
line pairs (PEA1S/PEA2R, PEO1S/PEO4R, and PEO145/PEO23R).
The cell line pairs were derived from ascites or pleural effusions®®
from 3 patients both before (PEA1S, PEO1S, and PEO14%) and af-
ter (PEA2R, PEO4R, and PEO23F) their tumors became clinically
platinum resistant (i.e., in vivo).?’*® Unlike many HGSOC cell
lines,”°? PEA1S/PEA2R, PEO1S/PEO4R, and PEO145/PEO23R
have been shown to recapitulate critical aspects of human
HGSOCs.'®2"%%%* Genomic analyses revealed that the resistant
lines were derived from pre-existing minor clones before chemo-
therapy, as opposed to a direct linear descent from sensitive cells
in response to platinum challenge.?” PEO1° cells carry a germline
mutation of BRCA2 (5193C > G (Y1655X)), and the paired PEO4R
cells acquired cisplatin resistance by a secondary mutation that
restores BRCA2 function.?”*° Follow-up studies indicated that
additional factors (e.g., higher expression of HIF1A, MYC, EZH2,
DNA-PK, etc.) also contribute to the platinum resistance in
PEO4R cells,®®*5* and increased activities of HDAC4 and
STAT1 may affect platinum responses in all 3 (PEA2R, PEO4R,
and PEO23F) resistant cell lines.?® Finally, increased ROS levels
and elevated production of interleukin-6 (IL-6) and IL-8 were
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also reported to be associated with platinum resistance in the
PEA2R cell line.*°

All molecular profiles in this current study were performed in
complete process triplicates (i.e., full biological and technical
replication) and can be readily explored via an online portal
with an intuitive gene-query user interface (https://sites.google.
com/view/ptrc-cell-line).

RESULTS

Overview

PEA1S/PEA2R, PEO1S/PEO4R, and PEO145/PEO23R intra-pa-
tient cell line pairs were exposed (or mock exposed) to 80 uM
carboplatin for 8 or 24 h, after which RNA sequencing (RNA-
seq) and liquid chromatography-tandem mass spectrometry
(LC-MS/MS)-based proteomic profiling of the global (unmodi-
fied), phospho, pTyr-enriched, ubiquitinated, and acetylated
proteomes was performed (Figure 1A). All experiments were per-
formed in complete triplicates (i.e., biological and technical).
Whole-genome sequencing (WGS) was performed for all 6 cell
lines.

Proteomic profiling was performed using a tandem mass tag
(TMT) isobaric labeling strategy”’ for multiplexing (54 samples:
6 cell lines; 3 time points; and 3 complete process replicates)
and relative quantification (Figure S1A). 1,503,465 peptides
and 55,785 post-translational modifications (PTMs) were
observed in the dataset, representing 11,120 proteins (global
proteome), 35,357 phosphorylation sites (mapping to 7,073 pro-
teins), 16,555 ubiquitinated sites (mapping to 4,141 proteins),
3,436 acetylated sites (mapping to 646 proteins), and 437 pTyr
sites (mapping to 48 proteins; Figure S1B; Table S1). The prote-
omic results were reproducible. Based on the ratio quantifica-
tion, across the triplicate complete (biological and technical)
replicates, the median %CV ranges between 3.6% and 11.9%
(Figure S1C). Additionally, based on the fragments per kilobase
of transcript per million mapped reads (FPKM) values (log
based), the median (and inter-quartile range) %CV for RNA
was 17.8% (7%-39%; Figure S1C). All proteogenomic data
can be readily explored via an online portal with an intuitive
gene-query user interface (https://sites.google.com/view/
ptrc-cell-line), including links to databases providing additional
gene and pathway-level information.

Carboplatin induces robust responses

A linear-mixed-effects regression analysis was performed to
identify protein and RNA features responsive to carboplatin
exposure (i.e., combined analysis of both sensitive and resistant
cells; Bonferroni-adjusted p < 0.05; Table S1). The global and
phosphoproteome responses were much larger at 24 than at
8 h (Figure 1B). For example, after 8 h of carboplatin exposure,
the expression levels of 530 proteins and 570 phosphopeptides
were altered, although after 24 h of exposure, the expression
levels of 2,158 proteins and 3,022 phosphopeptides were
altered. In contrast, the ubiquitinated (2,498 and 2,351 peptides
at 8 and 24 h, respectively) and acetylated (425 and 386 peptides
at 8 and 24 h, respectively) proteomes, as well as the transcrip-
tome (8,659 and 8,220 transcripts at 8 and 24 h, respectively),
showed similar responsiveness at both times. PTMs showed a
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Figure 1. Overview of experimental design
and results
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treatment (Table S2; Figure S3B), ex-
tending prior reports that doxorubicin
and UV irradiation induce extensive
ubiquitination of ribosomal proteins.*”+*®

Proteasome and spliceosome compo-
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Carboplatin Treatment

Mock 8hrs  2ahrs Mock 8hrs 24 hrs Mock 8hrs 24 hrs.

Carboplatin Treatment

greater carboplatin responsiveness than the global proteome
(Figure S1D). Although RNA expression showed positive correla-
tion with protein expression at baseline (median Spearman cor-
relation = 0.54; Figure S1E), the transcriptional response did not
correlate with protein abundance changes in response to plat-
inum exposure (Figure S1F), indicating significant regulation at
the post-transcriptional level. Consistent with these findings, hi-
erarchical clustering of the proteomic data is not driven by treat-
ment status, whereas the RNA-seqg-based data clusters were
driven primarily by +platinum exposure (Figure S2), perhaps re-
flecting the fact that the technologies enable detection of more
platinum-responsive transcriptome features compared to the
proteomes (Figure 1B; Table S1).

DNA damage response (DDR) pathways were upregulated
following 24 h of carboplatin treatment in both sensitive and
resistant cells, including increased activity of DNA damage
checkpoints, DNA replication, replication stress response,
and DNA repair, as observed in both the global and phospho-
proteome (Table S2). Examples of DNA damage responses
include time-dependent phosphorylation of Ser1524 of
BRCA1 and Ser343 and Ser615 of NBN (Figure 1C), known tar-
gets of the ataxia telangiectasia mutated (ATM) kinase,***° as
well as increased ubiquitination of lys561 of FANCD2 and
lys523 of FANCI (Figure S3A), indicating activation of the Fan-

Mock 8hrs 24 hrs Mock 8hrs 24 hrs Mock 8hrs 24 hrs

nents showed upregulation (in the global
and ubiquitin proteomes and the tran-
scriptome) in response to carboplatin
(Table S2). Elevated expression of pro-
teasome proteins and their ubiquitination may be a consequence
of carboplatin-induced oxidative stress,’ and spliceosome ac-
tivity has been reported to be affected by DNA damage and
regulated by ubiquitination.®°~>? On the other hand, carboplatin
exposure was associated with reduced expression of the cell
adhesion and extracellular matrix (ECM) network at both RNA
and protein levels (Table S2). Cisplatin has been reported to sup-
press the expression of ECM proteins (fibronectin, collagens, in-
tegrins, etc.) in kidney cells, which contributes to apoptosis and
kidney injury in mice.>®

To identify kinases responsive to carboplatin, we inferred ki-
nase activity from substrate phosphorylation levels using single
sample gene set enrichment analysis (ssGSEA)** and performed
amixed-effect regression. At 8 h, in addition to ATR and ATM, we
detected activation of p38-5 MAPK (MAPK13) and p38 MAPK-
activated kinase MAPKAPK2 (MK2) (Figure 2A), consistent with
previous reports of p38MAPK/MK2 stress-kinase-pathway-
mediated cell cycle checkpoint’s being activated by ATM and
ATR in response to DNA-damaging agents.®® "

In line with our observation of larger phosphoproteome re-
sponses at 24 h, we detected more activated kinases at 24
versus 8 h, including the DDR checkpoint kinases, p38 and
MAPK/JNK pathway members, as well as Cdks, protein kinase
Cs (PKCs), PKD, PKA, CK2s, AMPK, and AKT1 (Figure 2B).

Carboplatin Treatment
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Figure 2. Phosphoproteomic signatures

responsive to carboplatin

(A and B) Kinase activity inferred from phosphor-
ylation of its substrates using ssGSEA at (A) 8 h
and (B) 24 h of carboplatin exposure.

(C) Kinase activity inferred from phosphorylation
of its substrates (red box) and phosphorylation of
its activating sites (red circle). Gray circles indicate
no activating phosphorylation is available. Black

arrows indicate a direct phosphorylating kinase on
the activating site, and dashed arrows indicate an
indirect relationship.

(D) Log2 fold change of PTM-SEA phosphosite
perturbation and pathway signature scores be-
tween 24 h of carboplatin exposure and mock-
treated cells. The top 10 in each direction are
shown. Dashed line indicates an FDR threshold of
0.05.

To identify enrichment of phosphosite
perturbation and pathway signatures
(that caninclude increased and decreased
sites), we performed PTM-SEA to calcu-
late normalized enrichment scores for all
samples. There was a significant enrich-
ment of phosphosite signatures related
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to DNA-damaging ultraviolet and ionizing
radiation in cells treated with carboplatin
compared to mock-treated cells (Figures
2D and S3C). Additionally, Tie2, AGE/
RAGE, and epidermal growth factor re-
ceptor (EGFR) pathway signatures were
all increased in carboplatin-treated cells
at 24 h (Figure 2D).

Differences in carboplatin
responses between platinum-
sensitive versus resistant cells

These changes included the previously unreported activation of
CK2, CDC7, and Ca/Calmodulin kinase 2 (CAMK2A) in the
HGSOC cell lines in response to carboplatin (Table S3). We
also detected downregulation of some kinase activities at 24 h,
including HIPK2, PLK1, DYRK1A, CDKS5, and ERKs.

To supplement the ssGSEA analysis, we also considered
alteration of kinase activity based on phosphorylation of regula-
tory sites on kinase proteins. Of the 3,022 platinum-responsive
phosphopeptides at 24 h, 157 mapped to a kinase. We found
increased kinase-activating phosphorylation for PRKD1,
MAPK14, ATR, and CHEK1, consistent with the ssGSEA analysis
(Figure 2C, red rectangles and circles). Together, these methods
identified a robust activation of DDR-related kinases that each
phosphorylated the next kinase’s activating site (black arrows,
Figure 2C). ATM and ATR have also been linked to indirect acti-
vation of AKT1°® and MAPK14°? in DNA repair (dashed arrows).
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75 We identified individual proteins, PTMs,
and RNA features that show differences
in response to carboplatin between sen-
sitive and resistant cell lines by jointly

analyzing all 3 pairs of cell lines (false discovery rate [FDR] <

0.05; STAR Methods). Differences in the platinum response

were more robust after 24 h of exposure compared with 8 h.

For example, 23 proteins, 67 phosphosites, 48 ubiquitin sites,

and 2 acetylated sites displayed significant differential re-

sponses to carboplatin between sensitive and resistant cells
after 24 h of exposure (Figure 3; Table S1), as compared to no in-
dividual proteins in the global and acetylated proteomes, and
only 7 phosphosites and 1 ubiquitin site showing differential re-
sponses to carboplatin after 8 h exposure (FDR < 0.05; Figure 3;
Table S1). 5 (ENC1, NKTR, PSMAS3, SLC39A7, and VAPA,) of the

23 proteins whose expression levels showed differential re-

sponses (sensitive versus resistant) to carboplatin at 24 h (Fig-

ure 3A) showed significantly larger average fold changes (FCs)

(defined as the average ratio of protein abundances post-carbo-

platin treatment over mock treatment) in the sensitive cell lines
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compared to the resistant lines (FDR < 0.05; Table S1). All 5 pro-
teins showed increased expression in the sensitive cell lines but
decreased (or less increased) expression in the resistant cells
post-platinum (Figure 3A). The remaining 18 proteins displayed
either larger FCs in the resistant cell lines (FDR < 0.05; Table
S1; Figure 3A) relative to the sensitive cell lines (8 proteins) or
were more downregulated in the sensitive cell lines relative to
the resistant cell lines (10 proteins) at 24 h post-carboplatin treat-
ment. 9 of these 18 proteins have been previously reported to be
associated with platinum resistance (Table S4A). For example,
high expression levels of the small ubiquitin-binding domain
(CUE)-containing protein (CUEDC2) contribute to cisplatin resis-
tance through regulation of p38 MAPK signaling.®®
Twenty-eight phosphosites showed larger FCs in the sensitive
cell lines (24 h; Table S1; Figure 3B) and are enriched for the

(Figures 3C and S3A).

For mRNA expression, 5 and 7 tran-
scripts show significantly different re-
sponses to platinum (comparing sensitive

and resistant cell lines) after 8 and 24 h of carboplatin exposure,
respectively (Figure 3D), and these are not enriched for any bio-
logical process.

Similar analyses (Table S1) identified genes, proteins, and
PTMs possibly showing different responses to carboplatin expo-
sure within individual intra-patient pairs of sensitive and resistant
cell lines, although these analyses were greatly limited due to the
small sample size.

Baseline differences in sensitive versus resistant cells

After correcting for multiple hypothesis testing, no individual
protein or post-translational modification expression level at
baseline (i.e., mock treatment) was significantly associated
with sensitivity to carboplatin, likely due to the underlying
inter-patient heterogeneity®® and the multifactorial nature
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Figure 4. Pathways showing baseline
expression differences between sensitive
and resistant cell lines

(A) Significant baseline differences observed be-
tween sensitive and resistant cell lines at the
pathway level.

(B) Volcano plot showing higher expression of
proteins in the interferon alpha pathway in the
resistant cell lines.

(C) Volcano plot showing higher expression of
proteins in the interferon gamma pathway in the
resistant cell lines.

(D) Volcano plot showing higher expression of ri-
bosomal proteins (RPs) in the sensitive cell lines.
(E) Volcano plot showing higher ubiquitination of
RPs in the sensitive cell lines.
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of resistance mechanisms for platinum compounds.®”~%°

However, baseline differences between sensitive and resis-
tant cell lines were observed at the pathway level (Figure 4A;
Table S2). For example, expression of the interferon alpha
and gamma pathways were elevated in resistant cell lines
(global proteome and RNA; Figures 4B and 4C). Conversely,
the Kyoto Encyclopedia of Genes and Genomes (KEGG)
_ribosome pathway members are expressed at higher levels
in sensitive cell lines, consistently across the global prote-
ome, RNA, and ubiquitin datasets (Figures 4D and 4E).
Interestingly, dysregulated ribosome biogenesis in cancer
is being considered as a potential therapeutic target in
HGSOC.”%""
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(MRE11-RAD50-NBS1) was previously
reported to be associated with chemore-
sistance in human squamous cell carci-
noma cells and gastric cancers.”®>’® To test the hypothesis
that higher expression of MRN complex components in PEA2R,
PEO4R, and PEO23R contributes to their platinum resistance,
we examined the ability of mirin (a small molecule inhibitor of
MRN)’’ to sensitize resistant cell lines to carboplatin. We found
that mirin enhanced platinum lethality in both the sensitive and
resistant cell lines, and resistant cell lines were no more sensitive
to mirin than the sensitive cell lines (Figures S4B-S4D). In
contrast, mirin did not sensitize a non-tumor fallopian tube con-
trol cell line FT47® to carboplatin treatment (Figure S4E).

Of the 17 protein complexes that were expressed at a higher
level in sensitive cells (Figure S4A; Table S5), both the 40S and
60S cytoplasmic ribosome subunits are represented, consistent
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with our pathway analyses described above (Figure 4D). The re-
maining protein complexes are involved in various functions,
including cell-cell and cell-extracellular matrix interactions, cyto-
skeleton remodeling, chromatin remodeling, cycle control, and
glycosylation. Of note, changes in ECM complex expression in
HGSOC cell lines derived from the same patient may reflect the
change of orthometastatic capacity during disease progression.**

Integrated multiomic analysis identifies baseline
differences between sensitive and resistant cells

To increase our statistical power to identify differences between
sensitive and resistant cell lines, we performed WGS analysis
and derived CNV profiles of the 6 cell lines (Table S6A). We
observed significant heterogeneity in the CNV profiles of the
cell lines, also noted in previous work.?” We performed an inte-
grated multi-omics analysis to identify individual features that
showed significant differences between resistant and sensitive
cell lines consistently across all datasets, including copy number,
mRNA transcript levels, and protein abundance (Table S6B).
Specifically, we identified 9 genes with consistently higher
expression across all 3 resistant cell lines and 11 genes with
consistently higher expression across all 3 sensitive cell lines
(combined CNA, RNA, and protein p < 0.05; Table S7; Figures
S5A and S5B). The 9 genes showing increased expression in
the resistant cells are enriched for OAS antiviral response
(FDR = 3.6 x 1077), including OAS1, OAS3, OASL, and TRAFD1,
with the top hit being OAS3 (combined CNA, RNA, and protein
p = 1.5 x 10~°), which encodes an enzyme that is induced by in-
terferons and catalyzes the formation of 2/, 5' oligomers of
ATP.”® These oligos promote degradation of both viral and
endogenous RNA as part of the cellular innate antiviral
response.®® This result is consistent with our findings (Figures
4B and 4C) that expression of the interferon alpha and gamma
pathways were elevated in resistant cell lines at baseline. Two
additional genes displaying increases in CNV, mRNA, and pro-
tein expression in the resistant cells are MSLN and PPL (Fig-
ure S5A). MSLN encodes mesothelin, a membrane glycoprotein
that is frequently overexpressed in malignancies, including
HGSOC.?"#2 PPL encodes periplakin, a component of the corni-
fied envelope of keratinocytes, and acts as a localization signal in
PKB/AKT-mediated signaling.®® Both genes have been reported
to be associated with platinum resistance.***° The remaining
genes, including the 11 genes elevated in sensitive cell lines,
are not enriched in any pathways, nor have they been previously
reported to be associated with platinum resistance.

Altered expression of proteins involved in fatty acid
oxidation (FAO) and oxidative phosphorylation (OXPHOS)
is associated with platinum resistance in HGSOC, both
in vitro and in vivo

We observed baseline differences in expression of metabolic
pathway proteins between sensitive and resistant cell lines (Fig-
ure 4A; Table S2). For example, proteins in the Hallmark “OX-
PHOS” (adjusted p = 2 x 107 and “adipogenesis pathways”
(adjusted p = 9.5 x 107°), as well as the Reactome “citric acid
cycle TCA cycle” (adjusted p = 0.026), “fatty acid metabolism”
(adjusted p = 0.016), and “lipid metabolism” pathways (adjusted
p = 0.018), were expressed at higher levels in resistant cell lines
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(Table S2). In addition to these baseline differences, carboplatin
exposure was accompanied by reduced acetylation of proteins
in the OXPHOS and fatty acid metabolism pathways (Table
S2). Notably, mitochondrial proteins are frequently acetylated,
which in most cases negatively impacts their activities,*® and
most acetylated proteins in mitochondria are involved in regu-
lating energy metabolism, such as fatty acid metabolism and
OXPHOS. 55788

To determine whether the metabolic signature associated with
platinum resistance in our cell line data is relevant in vivo, we per-
formed global proteomic profiling of 20 human-in-mouse pa-
tient-derived xenograft (PDX) models derived from patients
with HGSOC (10 platinum-sensitive and 10 platinum-refrac-
tory).2% Consistent with the cell line results, we found that both
the TCA cycle and FAO pathways are increased in the proteomic
profiles of platinum refractory PDX-derived tumors compared
with platinum-sensitive tumors (Figures S5C and S5D). We also
found an association between elevated TCA cycle pathway ac-
tivity and overall survival (p < 0.05) in a previously reported pro-
teomic analysis of human OCs (Figure S5E; note, platinum
response is a major determinant of survival for HGSOC
patients.)'"%°

Pharmacologic inhibitors of CPT1A sensitize platinum-
resistant cell lines to carboplatin

Our observation of increased expression of FAO/OXPHOS
pathway members in carboplatin-resistant cell lines and PDX
models is consistent with prior reports that altered FAO/OX-
PHOS metabolism may be associated with platinum resistance
in cancers.””'"0917% To determine whether increased FAQ/
OXPHOS metabolism plays a causal role in platinum resistance
in our cell line models, we performed a series of functional
studies. The rate-limiting step of FAO is catalyzed by carnitine
palmitoyltransferase 1A (CPT1A), which shuttles long-chain fatty
acids into mitochondria. Interestingly, CPT1A is overexpressed
in a subset of HGSOCs and associated with shorter progres-
sion-free survival. CPT1A inactivation induces accumulation of
OC celllines in the G1 phase and inhibits tumorigenicity in severe
combined immunodeficiency (SCID) mice.”® We found that
CPT1A was expressed at higher levels in the resistant cell lines
from 2 of 3 cell line pairs (PEO4%/PEO1® and PEA2R/PEA1S).
Conversely, the mitochondrial acetyl-coenzyme A (CoA) carbox-
ylase 2 (ACACB), a negative regulator of FAO,?” was expressed
at relatively lower levels in the corresponding cell line pairs (Fig-
ure 5A). These observations are consistent with increased FAO/
OXPHOS activities in PEA2R and PEO4R cells as compared to
PEA1S and PEO1S, and, as would be expected with a high-OX-
PHOS status,**°® we found that PEA2 and PEO4" cells exhibit
higher ROS production than their paired sensitive cell lines, both
at baseline and after challenge with carboplatin for 1 h (Figures
S6A and S6B). The PEO23%/PEO14° pair showed opposite but
consistent trend compared with the other 2 pairs, with the lower
CPT1A level and higher ACACB level (Figure 5A), and a corre-
spondingly lower ROS production in PEO23% compared to
PEO14° (Figure S6C). Heterogeneity among cell lines from
different patients is expected due to the underlying inter-patient
heterogeneity®® and the multi-factorial nature of resistance
mechanisms for platinum.®”*° Consistent with the CPT1A
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Figure 5. CPT1A and ACACB expression levels are associated with carboplatin resistance in 2 of the 3 cell line pairs, and pharmacologic
inhibition of CPT1A sensitizes cells to carboplatin

(A) CPT1A protein abundance is higher in PEA2R and PEO4R, although acetyl-CoA carboxylase 2 (ACACB) protein abundance is lower in PEA2R and PEO4R,
Western blot data (see image and bar graphs) confirm the LC-MS/MS results.

(B-D) Perhexiline sensitizes HGSOC cell lines to carboplatin.

(E) Perhexiline sensitizes non-tumorigenic FT4 cells to carboplatin.

Data in (B)—(E) are an average of 3 biological repeats each with 3 technical repeats. p values (Student’s t test) are provided.
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overexpression in resistant cell lines from 2 of the 3 pairs (PEA1S/
PEA2R and PEO15/PEO4R), a subset of platinum resistant and
refractory HGSOC PDX models (Figure S5F) and human tumors
(Figure S5G)°° show high expression of CPT1A. CPT1A overex-
pression has been associated with platinum resistance in
HGSO0Cs.*®

To test whether high FAO is required for platinum resistance,
we examined whether the carboplatin sensitivity of the cell lines
was affected by two CPT1A inhibitors, etomoxir (2[6(4-chloro-
phenoxy) hexyl] oxirane-2-carboxylate)’® and perhexiline (2-
(2,2-dicyclohexylethyl) piperidine).'®'°! Perhexiline is a more
potent inhibitor of FAO than etomoxir, inhibiting not only
CPT1A but also CPT2, which converts acyl-carnitine to acyl-
CoA, the next step downstream of CPT1A."%% 1" |nterestingly,
both perhexiline (Figures 5B-5D) and etomoxir (Figures S6D-
S6F) sensitized all 6 HGSOC cell lines to platinum, and the com-
bined effect of perhexiline and carboplatin was dramatic (Figures
5B-5D). The interaction between carboplatin and perhexiline
was most significant for the PEO1°S and PEO4R pair (Figure 5B),
as the concentrations required to achieve >95% loss of viability
were 2 pM perhexiline plus 20 pM carboplatin for PEO1S and
4 uM perhexiline plus 40 uM carboplatin for PEO4R as compared
to 8 uM perhexiline plus 80 uM carboplatin for PEA1S/PEA2" and
PEO145/PE023" pairs (Figures 5C and 5D). The non-tumor fallo-
pian tube (FT4) control cell line”® was also sensitized to carbopla-
tin by perhexiline (Figure 5E) and etomoxir (Figure S6G).

CPT1A s a determinant of platinum resistance in PEO4®
cells

To confirm that the platinum-sensitizing effect of CPT1A inhibi-
tors was not due to off-target effects,'®'°* we knocked out
CPT1A in PEO4R and PEO1® cells using CRISPR-Cas9. Individ-
ual clones were isolated by limiting dilution, deletions were
confirmed by DNA sequencing, and loss of CPT1A protein was
confirmed by western blotting (Figure 6A). Complete loss of
CPT1A protein results in significantly increased sensitivity to car-
boplatin consistently across 6 independent PEO4% KO clones
(Figures 6B and S7A). On the other hand, none of the 7 indepen-
dent CPT1A KO clones isolated from the PEO1° cell line showed
significant change in carboplatin sensitivity as compared to
parental PEO1® cells (Figures 6B and S7B). Of note, clones
C15, C52, and C86 with a deletion of 33 amino acids in the N-ter-
minal region of CPT1A displayed no increase in sensitivity to car-
boplatin treatment (Figures 6B and S7A), suggesting that they
may retain CPT1A activity. Of note, the N-terminal of CPT1A
binds to malonyl-CoA and plays an inhibitory role on CPT1A ac-
tivity.'°> We further confirmed the increased carboplatin sensi-
tivity in PEO4® CPT1A knockout (KO) clone C6 using a colony
formation assay (Figures 6C and S7C).

To additionally confirm that CPT1A plays an important role in
platinum resistance in PEO4" cells, we performed genetic
complementation studies. We reintroduced either a wild-type
or mutant CPT1A gene in CPT1A-KO clones in both the PEO4"
and PEO1° cells and examined the effect on carboplatin sensi-
tivity. As shown in Figure 6D, expression of retroviral-expressed
human wild-type (WT) CPT1A protein in PEO4 CPT1A KO clone
C6 restored resistance to carboplatin, although expression of a
mutant CPT1A protein (G710E) that lacks carnitine palmitoyl-
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transferase (CPTase) catalytic activity'° did not affect the car-
boplatin sensitivity of the PEO4 CPT1A-KO. This result not only
supports the central role of CPT1A in carboplatin resistance in
PEO4R cells but also demonstrates that the CPTase activity
(and not the lysine succinyltransferase activity)'’® of CPT1A is
required for this role. As controls, retroviral vector expression
in PEO4 CPT1A KO, all retroviral expression lines of PEO4 WT
clone C5 (C5 WT+Vec, C5 WT+WT, and C5 WT+Mut) and
PEO1 WT clone A3 (A3 WT+Vec, A3 WT+WT, and A3 WT+Mut),
and PEO1 CPT1A KO clone B85 (B85 KO+Vec, B85 KO+T, and
B85 KO+Mut) did not affect carboplatin sensitivity of PEO4 WT
cells and PEO1 WT and CPT1A KO cells (Figures 6D and S7E).
The successful restoration of WT or G710E mutant CPT1A pro-
tein expression in PEO4 and PEO1 CPT1A KO was validated
by western blot (Figures 6E and S7F).

We noted differences in the level of sensitization to carboplatin
between CPT1A-KO (Figures 6B and S7A) and the CPT1A inhib-
itors etomoxir (Figure S6D) and perhexiline (Figure 5B). Addition-
ally, CPT1A KO did not increase the carboplatin sensitivity of
PEO1°S cells (Figure S7B), whereas the inhibitors sensitize both
PEO4® and PEO1® (Figures S6D and 5B). To check whether
there are compensatory increases of other isoforms of the
CPT1 gene family members as well as CPT2 due to loss of the
CPT1A gene (potentially contributing to platinum resistance),
we assessed protein expression levels of CPT1B, CPT1C, and
CPT2 by western blotting (Figure S7D). No significant compen-
satory increases in any of these 3 proteins were found in the
absence of CPT1A, suggesting that loss of CPT1A is responsible
for sensitizing PEO4R cells, although off-target and/or non-spe-
cific effects'®'%” of the two inhibitors may also contribute to
further sensitize PEO1S.

Carboplatin-induced ROS is associated with higher
induction of DNA damage and apoptotic cell death in
CPT1A-KO compared with CPT1A WT cells

Carboplatin induces ROS, leading to DNA damage and
apoptosis.'%®'% We found that basal level of ROS in PEO4
CPT1A-KO cells (untreated) was significantly higher compared
to PEO4 WT (Figure 7A), suggesting that lack of CPT1A is asso-
ciated with oxidative stress in PEO4 cells. As expected, carbo-
platin exposure for 24 h increased ROS production in both
PEO4 WT and PEO4 CPT1A-KO cells in a concentration-depen-
dent manner (Figure 7A). However, when cells were treated with
carboplatin at 160 uM for 48 h, a significant drop of ROS below
basal control was observed (Figure 7A), likely due to induction of
NRF2 protein (Figure 7B), a transcription factor that mediates the
antioxidant response.’'® Consistent with this hypothesis, NRF2
target transcripts (e.g., NQO1, PRDX1, ME1, and PIR) were
induced following carboplatin exposure (Figure 7C). NRF2 levels
at baseline are not different between PEO4 WT and KO cells (Fig-
ure 7B). Although both PEO4 CPT1A-KO and PEO4 WT show
similar NRF2 induction in response to carboplatin, apoptotic
cell death is nonetheless significantly higher in the PEO4
CPT1A-KO compared to the PEO4 parental cell line, based on
both increased annexin V binding (Figure 7D) and caspase-3
cleavage (Figure 7E). Furthermore, treatment with the ROS inhib-
itor N-acetyl-cysteine (NAC) rescued the apoptotic effects of
carboplatin (Figure 7E), confirming that ROS plays a role in
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Figure 6. CPT1A is a determinant of plat-
inum resistance both in vitro and in vivo

(A) Inventory of CPT1A knockout (KO) clones with
western blot confirmation in selected clones.

(B) Sensitivity of CPT1A KO clones to carboplatin
(cell viability assay, average of 3 biological repeats
each with 3 technical repeats).

(C) Sensitivity of selected CPT1A KO clones to
carboplatin (colony formation assay). One PEO4
KO clone (C6) and one PEO1 KO clone (B85) were
tested along with WT controls (C5 and A3,
respectively).

(D) Retroviral complementation of PEO4 CPT1A-
KO clone C6 and WT control clone C5. Vec, vector
control; WT, WT CPT1A; Mut, mutant CPT1A
(G710E) (3 biological repeats each with 3 technical
repeats; Student’s t test performed between WT
and KO; p values provided in the graph).

(E) Western blot confirmation of the expression of
CPT1A WT or G710E mutant in PEO4 cells.

(F) Combination efficacy of carboplatin + CPT1A
inhibitors in the platinum refractory HGSOC PDX
model PHO48. Tumor area was monitored weekly
by transabdominal ultrasound. Change in tumor
size over time is plotted as the statistical model
estimated average of all animals at each time point
for a given treatment, scaled relative to baseline
estimate for that treatment. Shading indicates 95%
confidence intervals. The p values are provided in
the table.

hexiline (80 mg/kg, oral gavage 5 days/
week); (4) carboplatin (51 mg/kg, i.p.
weekly); (5) etomoxir + carboplatin;
and (6) perhexiline + carboplatin. Doses
were based on published literature in
mice.""""'"? Response to treatment was
assessed by weekly transabdominal ultra-
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carboplatin-induced cell death. Interestingly, carboplatin-

induced cell death in the PEO4 CPT1A-KO was associated
with a significant increase in DNA damage that was not observed
in PEO4 WT, as shown by the augmented level of YH2AX (Fig-
ure 7B). Taken together, our data indicate that CPT1A plays a
critical role in regulating oxidative stress in PEO4 cells and that
lack of CPT1A re-sensitizes cells to carboplatin by increasing
DNA damage.

Combining carboplatin with CPT1A inhibitors reduces
tumor growth in vivo

We evaluated the preclinical efficacy of the combination of carbo-
platin and CPT1A inhibitors in an HGSOC PDX model (PH048).
PHO048 was generated from a patient diagnosed with HGSOC
whose refractory tumor showed aggressive growth during adju-
vant carboplatin and paclitaxel. Tumor-bearing mice were ran-
domized into 6 groups for treatment: (1) control (saline); (2)
etomoxir (40 mg/kg, intraperitoneally [i.p.] 5 days/week); (3) per-
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sound, as described.®® The combination

of carboplatin plus either etomoxir or per-

hexiline resulted in significantly greater tu-

mor growth inhibition than the carboplatin
monotherapy group (+etomoxir p = 0.0018; +perhexiline p =
0.0045; Figure 6F), consistent with our in vitro findings, indicating
that CPT1A inhibitors may increase the therapeutic efficacy of car-
boplatin in HGSOC.

DISCUSSION

Platinum compounds are widely used chemotherapy agents and
are expected to remain in use, even in the era of precision med-
icine.'"® Platinum resistance is a major determinant of survival,
particularly in OCs, which are frequently diagnosed at late stage.
Decades of literature demonstrate that resistance is multifacto-
rial,’>"® and there has been no clinical translation of biomarkers
to predict platinum response or treatments to overcome plat-
inum resistance, and these remain unmet clinical needs. To
date, no study using modern proteogenomic technologies has
been undertaken to characterize cancer cell responses to plat-
inum or to understand mechanisms of resistance.
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Figure 7. Carboplatin-induced ROS is associated with higher induction of DNA damage and apoptotic cell death in CPT1A-KO versus CPT1A
WT cells

(A) The basal level of ROS (detected with 2,7’—dichlorofluorescin diacetate [DCFDA] dye) was compared between PEO4 CPT1A-KO cells and the parental PEO4 cell
line (n=3;*p < 0.05). Relative changesin ROS production for both PEO4 WT and PEO4 CPT1A-KO cells upon carboplatin exposure were plotted for both24 hand 48 h.
(B) Representative western blot showing the baseline and effects of carboplatin exposure on NRF2 and YH2AX expression (48 h). Quantification of NRF2 and
YH2AX proteins was done using NIH Imaged software and plotted as line graphs. Data are expressed as mean + SEM (n = 3; *p < 0.05; **p < 0.001).

(C) RNA expression levels of NQO1, PRDX1, ME1, and PIR at 0 h and 8 h after carboplatin treatment were compared for PEO1S and PEO4" cells.

(D) Detection of carboplatin-induced apoptosis via Annexin V staining in PEO4-WT and PEO4-KO cells. Cells were treated with different concentrations of carboplatin
for 48 h and incubated with AV-fluorescein isothiocyanate (FITC) and phosphatidylinositol (Pl). Stained cells were analyzed by flow cytometry. Percentage of intact
cells (AV—/Pl-) and different stage apoptotic cells (AV+/Pl—, AV+/Pl+, and AV—/Pl+) are presented. Data represent mean + SEM (n = 3; *p < 0.001).

(E) Western blot showing the effects of carboplatin treatment (160 uM; 48 h) in PEO4-WT versus PEO4-KO on caspase-3 cleavage as an indicator of cell death via
apoptosis. Data are expressed as mean + SEM (n = 3; *p < 0.05; **p < 0.001).
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In this study, we present a proteogenomic interrogation of the
dynamic response of human cancer cells to carboplatin,
focusing on intra-patient cell line pairs from HGSOC patients.
This multiomic data resource is comprehensive and reproduc-
ible (Figures 1 and S1). All data in the resource are publicly avail-
able, and the results can be visualized via a searchable database
with an intuitive gene-query user interface, including links to da-
tabases providing additional gene- and pathway-level informa-
tion (https://sites.google.com/view/ptrc-cell-line).

Our data reveal that carboplatin induces robust responses in
platinum-sensitive and resistant cells and uncover known and
novel biology. Due to their therapeutic tractability,"'*, kinases
are of particular interest. In addition to previously reported ki-
nases responsive to platinum (e.g., ATM/ATR/CHEK1, CDKs,
PKCs, MAPKs, AKT, and AMPK), we identified novel evidence
of activation of CK2, CDC7, and CAMK2A in the HGSOC cell
lines in response to carboplatin. It has been reported that the ki-
nase activity of CAMK2A may be stimulated by platinum-
induced elevation of intracellular calcium and ROS,"'*"""® and
activated CAMK2 hyper-phosphorylates downstream target
molecules to stimulate ROS and induce cell death.''®""9

Our results also identify platinum-induced activation of CK2, a
pleiotropic kinase involved in a variety of cellular processes,
including cell proliferation and apoptosis.'%'?! Our observation
that CK2 kinase activity is induced by carboplatin is consistent
with reports that CK2 localizes to sites of DNA double-strand
breaks,'?” and its kinase activity toward p53 is activated by
UV."?® CK2 has been proposed as a potential anti-cancer thera-
peutic target, and a CK2 inhibitor was shown to synergize with
cisplatin in models of OC."** The CK2 inhibitor CX4945 is
currently in early-phase clinical trials for renal tumors and recur-
rent medulloblastoma (NCT03571438 and NCT03904862).

Our data also identify platinum-induced activation of CDC7,
an essential S phase kinase that regulates DNA replication
through phosphorylation of MCM proteins.'®> How CDC7 is
regulated upon genotoxic stress is controversial. Some reports
suggest that CDC7 is downregulated, leading to inhibition of
the late-origin firing.'®'%” Others have reported that CDC7 ac-
tivity is preserved upon DNA damage and required for check-
point action and DNA damage tolerance during replication
stress.'?®7"®" Our results indicate that CDC7 is activated by
carboplatin treatment, in line with the latter reports. Indeed,
CDC?7 inhibitors have been found to enhance platinum cytotox-
icity.®> A CDC7 inhibitor (LY3143921 hydrate) is currently be-
ing evaluated (NCT03096054) in patients with advanced solid
tumors, including HGSOC.

We also find elevated expression of FAO/OXPHOS metabolic
pathway proteins in platinum-resistant versus platinum-sensitive
cell lines. OCs have a predilection to metastasize to the omen-
tum,’*® a hormonally and immunologically active fatty tissue in
the peritoneal cavity.'®* Elegant studies by Lengyel et al.®%135
and others have shown that metastatic OC cells in the omentum
initiate lipolytic signals in adipocytes that result in the release of
long-chain fatty acids that are taken up by OC cells through the
CD36 receptor'®® and used for energy production through
B-oxidation. HGSOC cells depend on FAO to overcome anoikis
during dissemination to metastatic sites in the peritoneal cavity
or survive in ascites.'®” FABP4, a lipid transport protein in adipo-
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cytes, is a critical regulator of lipid responses in ovarian cancer
cells co-cultured with adipocytes'*® and is a determinant of met-
astatic potential in OC."*® Furthermore, FABP4 expression may
be a predictor of residual disease in HGSOC."*>° CRISPR KO of
FABP4 in HGSOC cells reduced metastatic tumor burden in
mice, and an FABP4 inhibitor additionally increased the sensi-
tivity of cancer cells toward carboplatin both in vitro and in vivo,
suggesting possible therapeutic use to reduce omental metas-
tasis and help sensitize OC cells to platinum.'**

Our results complement and extend prior findings by demon-
strating that CRISPR KO or pharmacologic inhibition of CPT1A,
which catalyzes the rate limiting step in FAO, sensitizes HGSOC
cells to carboplatin. Our findings extend prior work showing that
reduced CPT1A expression is associated with platinum sensi-
tivity in a collagen type Xl alpha 1 (COL11A1)-dependent
in vitro model of platinum resistance,'“%'*" in which culturing
OC cells on COL11A1-coated plates confer cisplatin resistance
by engaging «1B1 integrin and discoidin domain receptor 2
(DDR2) on ovarian cancer cells to induce inhibitor of apoptosis
proteins and upregulate both fatty acid synthesis and oxidation.
Moreover, our results extend these findings by demonstrating
that the effect of CPT1A expression on platinum sensitivity can
also be a cell autonomous trait associated with tumor cell upre-
gulation of proteins involved in FAO and downregulation of pro-
teins involved in fatty acid synthesis (e.g., FASN and ACLY; Table
S1). The convergence of experimental evidence from these
different models of platinum resistance (i.e., cell autonomous
versus ECM dependent) on the association of increased FAO
in resistant cells demonstrates that OC cells can use more
than one mechanism (i.e., genetic or via ECM) to increase FAO
and underscores the importance of FAO in platinum resistance.
This has implications for therapeutic intervention, because mol-
ecules targeting the ECM to disrupt FAO-inducing signals may
not work in tumors in which increased FAO is an intrinsic prop-
erty of the cancer cell.

The mechanistic link between platinum resistance and CPT1A
is not fully understood. CPT1A facilitates FAO, contributing to
ATP and NADPH production.’**'** One hypothesis consistent
with our data (Figure 7) and the literature is that lack of CPT1A
could result in reduced levels of NADPH and thereby exacerbate
the oxidative stress induced by platinum,'** leading to increased
DNA single-strand and double-strand breaks.'*>'“® Repair of
DNA damage is associated with substantial energetic require-
ments.'”” For example, PARP-1 activation consumes large
amounts of NAD+ and ATP."“® In CPT1A-KO cells, which have
less ATP available,”® "% PARP-1-mediated repair of DNA strand
breaks may become compromised. Consistent with this,
CRISPR-mediated CPT1A KO was previously reported to reduce
resistance to IR in breast cancer cells.'°

Our in vitro and in vivo data implicate CPT1A as a potential
therapeutic target in HGSOC. Inhibition of CPT1A has been pro-
posed as a therapeutic target in AML and Burkitt’s lymphoma
based on preclinical studies.'®'™'*® Of note, perhexiline has
been used in clinical trials targeting cardiac disease (e.g.,
NCT02862600, NCT00839228, NCT00845364, NCT00500552,
and NCT00841139) and is or has been used in some countries
to treat cardiac disease, including angina.'**~'°® These clinical
experiences have shown that, with monitoring of drug levels
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and attention to cytochrome P-450 function,'*® the drug can be
given to patients safely,'®® paving a potential path forward for
repurposing CPT1A inhibitors in the adjuvant setting in clinical
trials with cancer patients receiving platinum-based chemother-
apies. In this respect, it is interesting to note that the combination
of 4 uM perhexiline plus 40 uM carboplatin killed >95% of plat-
inum-resistant PEO4 cells while the non-tumorigenic FT4 con-
trol cell line retained ~30% viability (Figure 5E), suggesting a
potential therapeutic window for preferentially killing cancer cells
and minimizing toxicity.

Limitations of the study

One limitation of this study is that the limited number of patients
represented in the study likely does not represent all the hetero-
geneous mechanisms underlying clinical resistance to platinum
compounds.'® Future studies with more patients will be required
to determine whether the findings in our study are generalizable
to all HGSOC tumors or only specific subclasses. Additionally,
our preclinical models do not capture the influence of the im-
mune system and tumor microenvironment on platinum respon-
siveness. Considering recent observations that cytotoxic death
of ovarian cells could stabilize PD-L1 or other negative immune
regulatory receptors,'®' a combinatorial strategy targeting im-
mune-negative regulators could be required for the CPT1A inhib-
itors to be fully effective in patients. Finally, although we chose to
focus functional studies on CPT1A, we hope this high-quality da-
taset will prove a valuable resource to the research community to
stimulate additional studies to advance our understanding of
platinum resistance.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

P-Tyr-1000 rabbit antibody Cell Signaling Technology Cat#8954S; RRID:AB_2687925
diGly Cell Signaling Technology Cat#5562

acetyl-lysine motif
anti-rabbit IgG HRP-linked
secondary antibody

recombinant anti-CPT1A antibody
recombinant anti-CPT1B antibody
recombinant anti-CPT2 antibody
CPT1C-specific antibody

GAPDH antibody

phospho-Histone H2A.X (Ser139) antibody
Caspase-3 antibody

a-Actinin (D6F6) XP antibody

NRF2 antibody

histone H3 antibody

Cell Signaling Technology
Cell Signaling Technology

Abcam

Abcam

Abcam

Proteintech

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Proteintech

Proteintech

Cat#13416
Cat#7074; RRID: AB_2099233

Cat#ab220789; RRID: AB_2847832
Cat#ab134135; RRID: AB_2847833
Cat#ab181114; RRID: AB_2687503
Cat#12969-1-AP; RRID: AB_2084844
Cat#5174; RRID: AB_10622025
Cat#9718; RRID: AB_2118009
Cat#9662; RRID: AB_331439
Cat#6487; RRID: AB_11179206
Cat#16396-1-AP; RRID: AB_2782956
Cat#17168-1-AP; RRID :AB_2716755

Biological samples

Patient-derived xenografts,
platinum sensitive
Patient-derived xenografts,
platinum refractory

Mayo Clinic,
Rochester, MN
Mayo Clinic,
Rochester, MN

PH013, PH063, PHO77, PH088, PH242,
PH249, PH299, PH361, PH423, PH454
PHO026, PHO048, PH271, PH341, PH550,
PHO081, PH232, PH586, PH626, PH763

Chemicals, peptides, and recombinant proteins

Carboplatin

Urea

Trizma base (Tris)
iodoacetamide (IAM)

EDTA

EGTA

Phosphatase Inhibitor Cocktail 2
Phosphatase Inhibitor Cocktail 3
Protease Inhibitor Cocktail
phosphate buffered saline
tris(2-carboxyethyl)phosphine
DTT

EPPS

Lys-C

trypsin

TMT reagents

100 mg Sep-Pak solid-phase
extraction column

protein A-agarose beads

Fe-NTA phosphopeptide enrichment kit
Protein A resin

StageTip

APP Pharmaceuticals,
Selleckchem

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich

Wako

Promega

Thermo Fisher Scientific
Waters

Sigma-Aldrich

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
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Cat#S1215

Cat#U0631
Cat#T2694
Cat#A3221
#E7889

#E0396

#P5726

#P0044

#P8340
#BP-399-20
Cat#77720
Cat#11583786001
Cat#E9502
Cat#12505061
Cat#V5111
Cat#90406
Cat#WAT023590

Cat#11134515001
Cat# A32992
Cat#53142
Cat#SP301
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Acetonitrile Sigma-Aldrich Cat#A955

water Sigma-Aldrich Cat#W6

ammonium bicarbonate Sigma-Aldrich CatA6141

mirin Selleckchem Cat#S8096

etomoxir Sigma-Aldrich Cat#E1905

perhexiline Sigma-Aldrich Cat#SML0120

N-Acetyl-L-cysteine Sigma-Aldrich Cat#1009005

Carboplatin, clinical grade Mayo Clinic Pharmacy N/A

Etomoxir, clinical grade Target Molecule Corporation Targetmol T4535

Perhexiline, clinical grade, obtained as Aspen Pharma Pty Ltd N/A

Pexsig (perhexiline maleate tablet, 100mg)

Critical commercial assays

AllPrep DNA/RNA FFPE kit QIAGEN Cat#80234

QIAmp DNA FFPE Tissue kit QIAGEN Cat#56404

miRNeasy FFPE kit QIAGEN Cat#217504

lllumina TruSeq stranded Total llumina Cat#20020597

RNA sample preparation kit

Kapa DNA Hyper prep reagents Roche Diagnostics Cat#KK8504
Corporation

Micro BCA assay ThermoFisher Scientific Cat#23235

crystal violet assay kit Abcam Cat#ab232855

Cellular Reactive Oxygen Species Abcam Cat#ab186027

Detection Assay Kit

Synthego’s Gene Knockout Kit V2 Synthego N/A

FITC Annexin V Apoptosis Detection Kit | BD PharMingen N/A

Deposited data

Cell line and PDX proteomics datasets
(Global, phospho, acetyl, ubiquitin,
pTyr-enriched proteomics)

RNA sequencing data

Genome sequencing data

TCGA CPTAC Ovarian cancer data
PTMsigDB v1.9

PhosphoSitePlus
HPRD v9.0
MSigDB Canonical Gene Sets (C2 CP)

CORUM

This paper

This paper
This paper
Zhang et al.*°

Krug et al.’®?

Hornbeck et al.'®®

Keshava Prasad et al.®

Liberzon et al.’®®

Giurgiu et al.”®

PRIDE: PXD020764

GEO: GSE163152
SRA: PRUNA684350
https://proteomics.cancer.gov/data-portal

https://github.com/
broadinstitute/ssGSEA2.0

https://www.phosphosite.org
http://hprd.org
https://www.gsea-msigdb.
org/gsea/msigdb/index.jsp
https://mips.helmholtz-
muenchen.de/corum

Experimental models: cell lines

Human: PEO1
Human: PEO4
Human: PEA1
Human: PEA2
Human: PEO14
Human: PEO23

Human: FT-4 non-tumorigenic fallopian
tube cell line (SV40 immortalized)

HEK293T

Toshiyasu Taniguchi, Sigma-Aldrich
Toshiyasu Taniguchi, Sigma-Aldrich

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Drs. Anna Lokshin
and Katherine Aird

Sigma-Aldrich

RRID: CVCL_2686
RRID: CVCL_2690
RRID: CVCL_2682
RRID: CVCL_2683
RRID: CVCL_2687
RRID: CVCL_2689
N/A

RRID: CVCL_0063

(Continued on next page)

Cell Reports Medicine 2, 100471, December 21, 2021 e2


https://proteomics.cancer.gov/data-portal
https://github.com/broadinstitute/ssGSEA2.0
https://github.com/broadinstitute/ssGSEA2.0
https://www.phosphosite.org
http://hprd.org
https://www.gsea-msigdb.org/gsea/msigdb/index.jsp
https://www.gsea-msigdb.org/gsea/msigdb/index.jsp
https://mips.helmholtz-muenchen.de/corum
https://mips.helmholtz-muenchen.de/corum

¢? CellPress

OPEN ACCESS

Cell Reports Medicine

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: organisms/strains

female SCID beige mice ENVIGO N/A

(C.B.-17/IcrHsd- Prkdcscid Lystbg)

Oligonucleotides

BRCA2 primer: 5'-CTATTGAG
ACTGTGGTGCCACCTAAG

BRCA2 primer: 5-GCAGGGT
GAAGAGCTAGTCACAAGTT

CPT1A guide #1: U*C*U*GAUGAACUUCU
UUUUCC + synthego modified EZ scaffold
CPT1A guide #2: G*A*G*CUUCAUGGCU
CAGCCGC + synthego modified EZ
scaffold

CPT1A guide #3: G*G*C*AGAAG
CUCACCAAGCUG + synthego

modified EZ scaffold

CPT1A PCR forward primer: 5'-CCT

Thermo Fisher
Scientific/Invitrogen

Thermo Fisher
Scientific/Invitrogen

Synthego

Synthego

Synthego

Thermo Fisher

Custom oligos

Custom oligos

N/A

N/A

N/A

Custom oligos

GATGATCATCTTGGGGCTC Scientific/Invitrogen

CPT1A PCR reverse primer: 5'-CCT Thermo Fisher Custom oligos

CCTATTAAGTAGGTCGCTGGC Scientific/Invitrogen

CPT1A sequencing primer: 5-TCT Thermo Fisher Custom oligos

TTGTAGCGGTGGACAGGC Scientific/Invitrogen

Recombinant DNA

CPT1AWT Taro Hitosugi Kurmi et al.’*®

CPT1A G710E Taro Hitosugi Kurmi et al.'®®

pLHCX vector Taro Hitosugi Kurmi et al.'®®

EcoPac Taro Hitosugi Kurmi et al.'®®

pAmphopac Taro Hitosugi Kurmi et al.'®®

pvVSVG Taro Hitosugi Kurmi et al."®®

Software and algorithms

ComBat Johnson et al.'®® https://www.bioconductor.org/
packages/release/bioc/html/sva.html

sumer Savage et al.’®’ https://github.com/bzhanglab/sumer

GSVA Barbie et al.* https://bioconductor.org/packages/
release/bioc/html/GSVA.html

PTM-SEA Krug et al.’®? https://github.com/broadinstitute/
ssGSEA2.0

WebGestalt Liao et al.’®® http://webgestalt.org

ImageJ Schneider et al.’®® https://imagej.nih.gov/ij/

Summit Beckman Coulter N/A

ComplexHeatmap

R
SAS

Sequest-based software pipeline

Ascore

BIC-seq
GISTIC

Guetal.'”®

The R Foundation
SAS Institute Inc.

Huttlin et al.’”"

Rose et al."”? and
Erickson et al.'”®
Xietal.'™
Mermel et al.’”®
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https://www.bioconductor.org/packages/
release/bioc/html/ComplexHeatmap.html

https://www.r-project.org

https://www.sas.com/en_us/
home.geo.html

https://gygi.hms.harvard.edu/
software.html

https://gygi.nms.harvard.edu/
software.html

https://github.com/ding-lab/BICSEQ2
https://github.com/broadinstitute/gistic2
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wilcox.test Bauer'’® Base R-package: stats

nime Laird and Ware'”” https://cran.r-project.org/web/
packages/nime/index.html

Other

Web portal for data visualization This paper https://sites.google.com/view/ptrc-cell-line

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Amanda
Paulovich (apaulovi@fredhutch.org).

Materials availability
Multiple partial and complete CPT1A knockout clones in the background of PEO1% and PEO4R generated by CRISPR-Cas9 method
as described in this study are available in Dr. Paulovich’s lab upon request.

Data and code availability

All LC-MS/MS proteomics data have been deposited to the ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org) via the PRIDE partner repository’ with the dataset identifier PRIDE:PXD020764 (http://proteomecentral.
proteomexchange.org/cgi/GetDataset?ID=PXD020764). All RNA sequencing data have been deposited to the National Center for
Biotechnology Information Gene Expression Omnibus (GEO)? with GEO Series accession GEO:GSE163152 (https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE163152). All whole genome sequencing data have been deposited to the National Center
for Biotechnology Information Sequencing Read Archive (SRA)® with the BioProject accession # SRA:PRINAB84350 (https:/www.
ncbi.nim.nih.gov/sra/?term=PRJNA684350).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

PEA1S, PEA2R, PEO14°, and PEO24" cells were purchased from Sigma-Aldrich (European Collection of Authenticated Cell Cultures,
PEA1 Sigma 10032306-1VL/ECACC 10032306; PEA2 Sigma 10032307-1VL/ECACC 10032307; PEO14 Sigma 10032311-1VL/ECACC
10032311; PEO23 Sigma 10032313-1VL/ECACC 10032313). PEO1° and PEO4R cells were provided by Toshiyasu Taniguchi (Fred
Hutchinson Cancer Research Center) (for the multiomic profiles) and also separately purchased from Sigma-Aldrich (European Collec-
tion of Authenticated Cell Cultures, PEO1 Sigma 10032308-1VL/ECACC 10032308, PEO4 Sigma 10032309-1VL/ECACC 10032309) (for
the in vitro functional studies). Cell lines were authenticated by STR profiling (University of Arizona Genetics Core). The status of the
BRCAZ premature stop codon mutation (5193C > G) in PEO1° cells® was confirmed by PCR amplifying this region of BRCA2 using
oligonucleotide primers (5'-CTATTGAGACTGTGGTGCCACCTAAG and 5-GCAGGGTGAAGAGCTAGTCACAAGTT) and sequencing
the resulting PCR fragment using the same primers. There was no evidence of the previously reported reversion mutation that restores
BRCA2 function in some PEO1° cultures’”%. Cells were cultured in RPMI1640 (Corning 10-040-CV) supplemented with L-glutamine and
10% fetal bovine serum (heat Inactivated FBS, Atlanta Biologicals S10250). Cultures were re-initiated from cryopreserved parental
stocks every three months and tested for mycoplasma (MycoAlert, Lonza) every 6 months. FT-4 non-tumorigenic fallopian tube cell
line (SV40 immortalized)’® was a gift from Drs. Anna Lokshin and Katherine Aird (University of Pittsburgh Medical Center) and was
cultured in DMEM/F-12 with 10% FBS and 1% penicillin-streptomycin.

Patient-derived xenograft (PDX)

Fresh human tumor tissues from consenting patients with ovarian cancer were collected at the time of primary debulking surgery and
coded with a patient heterotransplant (PH) number in accordance with the Mayo Clinic Institutional Review Board and the Health In-
surance Portability and Accountability Act regulations. All animal procedures were approved by the Mayo Clinic Institutional Animal
Care and Use Committee (IACUC). Tumors were established by IP injection into female SCID beige mice (C.B.-17/IcrHsd- Prkdcscid
Lystbg; ENVIGO) as previously described®®. Briefly, minced patient tumor in McCoy’s 5a medium was supplemented with rituximab
(10 mg/kg, Genentech, Inc.) to prevent lymphoma development179 in ~0.3 mL of total volume for each injection. After engraftment,
PDX tumors were expanded into additional mice prior to cryogenic preservation for future experiments®®. The minimal information
standard for PDX models is provided in the following table:
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Gender F
Age 60
Diagnosis Ovarian Cancer
Consent Academic
Primary Tissue Ovary
Collection Site Primary
Specimen collected Ovary
Histology Serous
Grade High
Stage nc
Markers N/A
Treatment Naive
Mouse Strain SCID-bg
Mouse Humanized No
Preparation Solid Tumor
Injection site IP
Characterization Histology
Negative murine/EBV Yes
Passage P7

METHOD DETAILS

Proteomics sample preparation and TMT labeling

For cell line proteomic analysis, cells were plated in 150-mM tissue culture plates and cultured for 48 hours, at which point they were
approximately 50% confluent. The cultures were then treated with vehicle (water) or 80 pM carboplatin (APP Pharmaceuticals,
Schaumburg, IL; dissolved in water at 10 mg/mL) for 8 or 24 hours. Cells were trypsinized with 2 mL of 0.25% trypsin (Corning
25-053-Cl) at 37°C until cells were released from the plate. The released cells were washed twice with DPBS and lysed in freshly
prepared lysis buffer (6 M urea, 25 mM Tris, pH 8.0, 1 mM EDTA, 1 mM EGTA, 1% Sigma Phosphatase Cocktail 2, 1% Sigma Phos-
phatase Cocktail 3, and 1% Sigma Protease Inhibitor Cocktail) at 4°C (1 mL lysis buffer per 5 x 107 cells). Lysates were sonicated
(Virsonic 600 microprobe at full power) for 12 s, incubated on ice for 20 s, again sonicated for 12 s, and centrifuged at 21,000 g at 4°C
for 10 min. Protein concentrations were determined using bicinchoninic acid (Pierce BCA Protein Assay Kit). Lysates were stored in
the liquid phase of liquid nitrogen. Each cell line was grown and treated (or mock-treated) once each on three independent days,
producing 3 biological replicates. Each biological replicate was independently processed and subjected to ‘omic analyses (repre-
senting technical replicates), and thus the dataset represents three independent complete process replicates for each cell line,
time point and treatment condition.

For PDX tumor proteomic analysis, tumors (average mass 0.4 g, range 0.1-1.3 g) were harvested and briefly rinsed in ice-cold PBS
to remove contaminating blood, transferred to a cryovial and then snap frozen in liquid nitrogen. Frozen tumors were cryo-pulverized
with a Covaris cryoPREP CP02 Impactor, and protein was solubilized in 1 mL urea lysis buffer (6 M urea, 25 mM Tris, pH 8.0, 1 mM
EDTA, 1 mM EGTA, 1% Sigma Phosphatase Cocktail 2, 1% Sigma Phosphatase Cocktail 3, and 1% Sigma Protease Inhibitor Cock-
tail). Samples were vortexed at maximum speed for 15 s, and lysates were transferred to 1.7 mL screw-top microfuge tubes. Samples
were subjected to 3x 30 s of sonication using a Fisher Scientific 550 Sonic Dismembrator at 50% power in a cup horn probe filled with
ice-cold water. Samples were then cleared by centrifugation (20,000 RCR, 10 minutes at 4°C) and transferred to cryovials (NUNC
#363401) for storage in the vapor phase in an LN, tank. Protein concentrations of the clarified lysates were measured by Micro
BCA assay (ThermoFisher Scientific, Cat# 23235).

1 mg of protein from each cell line or PDX tumor lysate was reduced with 5 mM tris(2-carboxyethyl)phosphine (TCEP; Thermo-
Fisher Scientific, Cat#77720) for 15 min at room temperature, alkylated with 10 mM iodoacetamide (Sigma-Aldrich, Cat#11149) in
the dark for 30 min and quenched with 10 mM DTT (Sigma-Aldrich, Cat#11583786001). Samples were chloroform—methanol precip-
itated'®°. ~300 ug protein pellets were reconstituted in 200 mM EPPS (Sigma-Aldrich, Cat#E9502) at pH 8.5 and digested by Lys-C
(Wako, Cat#12505061) overnight at a 1:50 protease-to-protein ratio and trypsin (Promega, Cat#V5111) for 6 hours at a 1:100
protease-to-protein ratio. For global proteome and phosphotyrosine-containing peptide analysis, a final volume of 30% acetonitrile
was added together with TMT reagents (ThermoFisher Scientific, Cat#90406) at a 1:2 peptide-to-TMT ratio (w/w). Samples were
mixed 1:1 across all TMT channels, desalted using a 100 mg Sep-Pak solid-phase extraction column (Waters, Cat#WAT023590)
and dried in vacuum centrifugation. For other post-translational modification analysis, including phosphorylation, ubiquitination,
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and acetylation, modified peptides were enriched individually from protein digests and sequentially as the order given (Figure 1), then
labeled with TMT reagent and pooled.

Enrichment of pTyr-containing peptides

Phosphotyrosine enrichment was performed with 2 mg labeled peptide mixture. P-Tyr-1000 rabbit antibody (Cell Signaling Technol-
ogy, Cat#8954S) was coupled with protein A-agarose beads (Sigma-Aldrich, Cat#11134515001) overnight prior to immunoaffinity
purification. Beads were washed two times with 1 mL cold PBS and then two times with 1 mL cold immunoaffinity purification
(IAP) buffer. Labeled peptide mixture was resuspended in 1.4 mL IAP buffer, mixed with the beads and incubated on a rotator
with gentle end-over-end rotation for 2 hours at 4°C. After centrifugation at 1500 g for 30 s and removal of supernatant, beads
were further washed two times with 1 mL cold IAP buffer, followed by two washes with 1 mL ice-chilled PBS. Supernatant was
removed and beads were transferred onto a 0.2 um Ultrafree-MC Centrifugal Filter (Millipore). Enriched peptides were eluted with
75 uL 0.15% TFA, desalted using homemade StageTips'®', and dried via vacuum centrifugation.

Enrichment of phosphopeptides with IMAC

The Pierce High-Select Fe-NTA phosphopeptide enrichment kit (ThermoFisher Scientific, Cat# A32992) was used to enrich phospho-
peptides from 1 mg of each individual protein digest following the manufacturer’s protocol. The enriched modified peptides were
desalted and labeled with TMT prior to basic-pH reverse-phase (BPRP) high-performance liquid chromatography (HPLC)
fractionation.

Enrichment of diGly-containing peptides

The diGly-containing peptide enrichment was performed following a procedure published previously'”?. The diGly monoclonal anti-
body (Cell Signaling Technology, Cat#5562) (32 ng/IP) was coupled to Protein A Plus Ultralink resin (40 pL slurry/IP) (ThermoFisher
Scientific, Cat#53142) overnight at 4°C prior to its chemical cross-linking reaction'®. Dried peptides (1 mg for each sample) were
resuspended in 1.4 mL of cold IAP buffer [50 mM MOPS (pH 7.2), 10 mM sodium phosphate and 50 mM NaCl] and centrifuged at
maximum speed for 5 min at 4°C to remove any insoluble material. Supernatants (pH ~7.2) were incubated with the antibody beads
for 2 hours at 4°C with gentle end-over-end rotation. After centrifugation at 1000 g for 30 s, beads were washed three times with cold
IAP buffer and twice with cold PBS. The diGly peptides were eluted twice with 75 uL 0.15% TFA, desalted using homemade Stage-
Tips'®" and dried via vacuum centrifugation.

Enrichment of acetylated peptides

Acetylated peptides were enriched using PTMScan acetyl-lysine motif [Ac-K] kit (Cell Signaling Technology, Cat#13416). Antibody
beads were washed with cold PBS and IAP buffer for three times each. Unbound flow-through fraction from diGly enrichment was
loaded onto the beads and incubated for 2 hours at 4°C with gentle end-over-end rotation. After centrifugation at 1000 g for 30 s,
beads were washed three times with cold IAP buffer and twice with cold PBS. Beads were then transferred onto a 0.2 um Ultra-
free-MC Centrifugal Filter (Millipore, Cat#UFC30LG25) and eluted twice with 75 ul. 0.15% TFA. The enriched peptides were desalted
using homemade StageTips'®' and dried via vacuum centrifugation.

Basic-pH reverse-phase (BPRP) high-performance liquid chromatography (HPLC) fractionation

Peptides from the full proteome and IMAC-enrichment were resuspended in Buffer A (10 mM ammonium bicarbonate, 5% ACN, pH
8). Peptides from the full proteome were subjected to a 50 min linear gradient from 13% to 42% of Buffer B (10 mM ammonium bi-
carbonate, 90% ACN, pH 8) at a flow rate of 0.6 mL/min while IMAC-enriched peptides were subjected to a 50 min linear gradient
from 5% to 32% B. 96 fractions were collected and consolidated into 12 samples in a checkerboard manner'®°. Fractions were vac-
uum-centrifuged until dry and desalted via StageTip (Thermo Scientific SP301) for LC-MS analysis.

Cell line liquid chromatography and tandem mass spectrometry analysis

Mass spectrometry data were collected using an Orbitrap Fusion mass spectrometer (ThermoFisher Scientific, Cat#QLAAEGAAP-
FADBMBCX) coupled to a Proxeon EASY-nLC 1000 liquid chromatography (LC) pump (ThermoFisher Scientific, Cat# LC120). Pep-
tides were separated on a 100 um inner diameter microcapillary column packed with 30 cm of Accucore150 resin (2.6 um, 150 A,
ThermoFisher Scientific). LC separation was achieved using a 3 h gradient of 7 to 30% acetonitrile in 0.125% formic acid at a
flow rate of ~550 nL/min. Each analysis used a synchronous precursor selection (SPS)-MS3-based TMT method to reduce reporter
ion interference and resulting ratio compression'®*'84, The scan sequence began with an MS1 spectrum collected at 120,000 res-
olution with an AGC target of 400,000 and a max injection time of 50 ms. The ten most intense multiply charged ions (required z > 1)
were selected for MS/MS. Monoisotopic precursor selection was enabled. Isolation width was set at 0.7 m/z. ITMS2 spectra were
collected at turbo speed with an AGC of 20,000, max injection time of 120 ms and CID collision energy of 35%. For phosphorylation
data acquisition, Multi-Stage Activation (MSA) was used in addition to the CID fragmentation'®°. Following acquisition of each MS2
spectrum, we collected an MS3 spectrum with the SPS-MS3 technology. Synchronous-precursor-selection (SPS) was enabled to
include 10 MS2 fragment ions in the FTMS3 spectrum. For the FTMS3 scan, the Orbitrap was operated at 50,000 resolution with
an AGC target of 100,000 and a max injection time of 150 ms and an HCD collision energy of 65%.

Cell Reports Medicine 2, 100471, December 21, 2021 e6




¢ CelPress Cell Reports Medicine

PDX liquid chromatography and tandem mass spectrometry analysis

Mass spectrometry data were collected using an Orbitrap Fusion Lumos mass spectrometer (ThermoFisher Scientific, Cat#IQLAAE-
GAAPFADBMBHQ) coupled to a Proxeon EASY-nLC 1200 liquid chromatography (LC) pump (ThermoFisher Scientific, Cat# LC140).
Peptides were separated on a 100 um inner diameter microcapillary column packed with 30 cm of Accucore150 resin (2.6 um, 150 A,
ThermoFisher Scientific). LC separation was achieved using a 3 h gradient of 7 to 30% acetonitrile in 0.125% formic acid at a flow rate
of ~550 nL/min. Each analysis used an SPS-MS3-based TMT method to reduce reporter ion interference and resulting ratio
compression'®*'%%, The scan sequence began with an MS1 spectrum collected at 120,000 resolution with an AGC target of
200,000 and a max injection time of 50 ms. The ten most intense multiply charged ions (z > 1) were selected for MS/MS. Monoisotopic
precursor selection was enabled. Isolation width was set at 0.5 m/z. ITMS2 spectra were collected at turbo speed with an AGC of
20,000, max injection time of 120 ms and CID collision energy of 35%. For full proteome analysis, since proteins in a PDX model
can be either mouse- or human-origin making PDX tissue inherently more complex than human or mouse alone, a real-time
search-based data acquisition method'®® was utilized to only perform quantitative SPS-MS3 scans on precursors that were matched
uniquely to a peptide of human origin on the fly in order to improve coverage of the human proteome which is of more interest
compared to mouse proteins in the matrix. Only performing SPS-MS3 scans on human-unique peptides reduced subsequent
data analysis complexity caused by interspecies interference. For the FTMS3 acquisition, the Orbitrap was operated at 50,000 res-
olution with an AGC target of 150,000, a max injection time of 300 ms, and an HCD collision energy of 65%. Synchronous-precursor-
selection (SPS) was enabled to include up to 10 matched MS2 fragment ions in the FTMS3 spectrum. For phosphorylation data
acquisition, Multi-Stage Activation (MSA) was used in addition to the CID fragmentation'®> and a SPS-MS3 scan was collected
following each MS2 scan.

Database search

Mass spectra were processed using a Sequest-based software pipeline'”". Raw files were converted to mzXML format, and mono-
isotopic m/z measurements and charge state assignments were corrected. Spectra were searched against a database including all
entries from the human UniProt database (February 04, 2014). This database was concatenated with one composed of all protein
sequences in the reversed order as well as known common protein contaminants. Sequest searches were performed using a 50
ppm precursor ion tolerance, requiring trypsin protease specificity, while allowing up to two missed cleavages. The product ion toler-
ance was set to 0.9 Da. TMT tags on peptide N termini/lysine residues (+229.162932 Da) and carbamidomethylation of cysteine res-
idues (+57.02146 Da) were set as static modifications while methionine oxidation (+15.99492 Da) was set as variable modifications.
For each PTM analysis, phosphorylation on serine, threonine, and tyrosine (+79.966 Da), lysine ubiquitylation (+114.04293 Da), or
lysine acetylation (—187.15237 Da) was included as variable modification. Peptide-spectrum matches (PSMs) were adjusted to a
1% false discovery rate (FDR)'®”. PSM filtering was performed using a linear discriminant analysis, as described previously'”", while
considering the following parameters: XCorr, ACn, missed cleavages, peptide length, charge state, and precursor mass accuracy.
PSMs were identified, quantified, and collapsed to a 1% peptide false discovery rate (FDR) and then collapsed further to a final pro-
tein-level FDR of 1%. To quantify the confidence of each PTM site, we used a modified version of Ascore'’>'"® and only PTM sites
with Ascore values > 13 (p < 0.05) were considered. Moreover, protein assembly was guided by principles of parsimony to produce
the smallest set of proteins necessary to account for all observed peptides. Proteins and PTM sites were quantified by summing re-
porter ion counts across all matching PSMs. For TMT-based reporter ion quantitation, we found the closest matching centroid in a
0.003 Da window around the expected m/z of the TMT reporter ion and extracted the summed signal-to-noise (S/N) ratio for each
TMT channel. MS3 spectra with TMT reporter summed signal-to-noise ratio less than 100, or a MS/MS isolation specificity less
than 0.5 were excluded from quantification.

Data pre-processing: normalization and batch-correction (cell line and PDX proteomic data)

We first filtered out presumed contaminant proteins/PTM-sites (keratins) and the reverse database hits from proteomics, phospho-
proteomics, and other PTM datasets. Then we take the ratio of the raw intensities to the intensity of the reference bridge sample in
each TMT and convert the ratio to the logarithm scale. For the global proteomics data, after removing the reference bridge sample
from every TMT, we perform global normalization to align the sample median and scale by median absolute deviation to remove any
systematic variation across the samples. However, the global normalization is based on the assumption that the distribution of the
features is roughly similar across the samples, except for a constant (such as, median). The inefficiency of the instruments to detect or
quantify the weak signal of low-abundance peptides leads to the considerable amount of missing protein abundances, with the
chance of missingness being higher for low abundance ions. Hence in such cases the assumptions of global normalization fail to
hold. For the phospho-proteomics data and other PTMs, we observed the missing rate varies significantly across the patients
and/or time-points, and hence we adopted “truncated” global normalization’®® to avoid possible bias of considering overall
mean/median. To calculate the sample median, we consider the top L ordered statistic of the feature intensities, where L was chosen
to be 0.9*n_min, n_min being the minimum of the number of features observed in each ordered set. After normalization we perform
outlier truncation. Any intensity exceeding median + 4*IQR is truncated by median + 4*IQR. Next we filtered out the proteins/phos-
pho-/PTM-sites with batch-level missing data-points (missing from all samples in a TMT plex). Finally, we applied batch correction on
global, phospho and other PTMs normalized data to remove the technical difference (batch-effect) between different TMT 9-plex. We
used an R tool: ComBat to remove batch-effect'®°.
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Nucleic acid extractions

Cells were pelleted by centrifugation, and DNA and RNA were extracted using a protocol adapted from QIAGEN AllPrep DNA/RNA
FFPE Kit (Cat# 80234), QlAamp DNA FFPE Tissue Kit (Cat# 56404) and miRNeasy FFPE kit (Cat# 217504). Briefly, cell pellets were
resuspended in 240 pL Buffer PKD and 16 pL proteinase K (QIAGEN # 80234), lysed by vortexing, and centrifuged 20 min (15-30 min)
at > 20,000 x g (room temperature). The supernatant was transferred to a new 1.5 mL centrifuge tube for RNA extraction, and the
pellet was reserved for DNA extraction. The supernatant was incubated at 80°C for 15 min (on a thermal mixer at 300 rpm), and
then centrifuged at 14,000 rpm for 2 min. The supernatant was transferred to a new 2.0 mL centrifuge tube and RNA was extracted
using the miRNeasy FFPE kit (QIAGEN cat# 217504) according to the manufacturer’s instructions. The pellet containing the DNA was
extracted using the QlAamp DNA FFPE Tissue Kit (QIAGEN cat# 56404) according to the manufacturer’s instructions. Both RNA and
DNA kits utilize spin columns to wash and then elute nucleic acids.

RNaseq library preparation

Purified total RNA samples were evaluated for quality and quantity by Agilent Bioanalzyer using RNA 6000 Nano chip and reagents
(Cat#5067-1511). Sequencing libraries were prepared using lllumina TruSeq stranded Total RNA sample preparation kit (Cat#
20020597) from 200ng of RNA according to the manufacturer’s protocol.

Whole genome library preparation
Purified gDNA was quantified by Qubit Fluorometer and sheared to 300bp using a Covaris M220. Sequencing libraries were prepared
using Kapa DNA Hyper prep reagents (Cat# KK8504) from 100ng of DNA according to the manufacturer’s protocol.

Next-generation sequencing

The finished libraries were quantified by Qubit fluorometer, Agilent TapeStation 2200 D1000 screentape (Cat#5067-5582), and RT-
gPCR using the Roche Kapa Biosystems library quantification kit (Cat#KK4854) according to the manufacturer’s protocols. Whole
genome libraries for copy number analysis were sequenced with > 25M 75bp read pairs and RNaseq libraries were sequenced with >
50M 75bp read pairs by the Molecular Biology Core Facilities at Dana-Farber Cancer Institute.

Pre-processing for cell line RNA data

The RNA data had 25,435 genes. We first removed the transcripts that were missing from all 6 cell lines. We also removed 10 samples
that were missing more than 50% of the features. Then we converted the counts to the logarithm scale and performed global normal-
ization to align the sample median. We further removed the genes with missing counts from 50% of the samples.

Cell viability assay

The effect of carboplatin (S1215, Selleckchem US), mirin (S8096, Selleckchem US), etomoxir (E1905, Sigma-Aldrich), and perhexiline
(SML0120, Sigma-Aldrich) alone and in combination on cell viability was evaluated using a crystal violet assay kit (ab232855, Abcam).
Cells from 3 pairs of patient-derived cell lines and FT-4 cells were seeded into clear 96-well plates at a density of 7,500-10,000 cells
per well in 100 L of media and allowed to attach for 48 hours to form a monolayer. Cells were then exposed to a serial dilution of
single treatment of carboplatin (5 uM to 320 puM), mirin (0.5 pM to 40 pM), etomoxir (1 uM to 160 pM), or perhexiline (0.1 uM to
8 uM) or as a combination therapy (carboplatin plus mirin, carboplatin plus etomoxir, or carboplatin plus perhexiline) for 72 hours.
Following treatment, cells were washed with PBS, 40 uL of 1% crystal violet staining solution was added to each well, and plates
were incubated for 20 min with shaking at room temperature. After incubation, staining solution was removed, and wells were washed
4 times with 200 pL PBS, 100 pL of solubilization solution (1% SDS) was added to each well, and plates were incubated for 30 min at
room temperature. The absorbance (A) at 595 nm was determined using a Biotek 2 microplate reader (Biotek USA). Cell viability was
determined by the following formula: Cell viability = A of treated cells/A of untreated cells.

Colony formation assay

PEO1® (WT), PEO1S (CPT1Ako, clone B12), PEO4R (WT), and PEO4R (CPT1Ako, clone C6) were plated at 1125 cells/plate for PEO1
cells and 750 cells/plate for PEO4 cells in 60-mm dishes containing normal growth medium. Cells were allowed to adhere for 48
hours, and exposed continuously to various carboplatin concentrations (0, 0.05, 0.1, 0.2, 0.4, and 1.0 uM for PEO1 cells, and 0,
0.1, 0.2, 0.4, 1.0, and 2.5 uM for PEO4 cells). Medium containing the appropriate concentration of carboplatin was changed every
other day. Treatment lasted for 14-17 days, and cells were stained with 1% crystal violet staining solution (50 mL of 1% crystal violet
staining solution was made from 5% crystal violet stock solution in ddH20 by adding 10 mL of 5%, 5 mL of methanol, and 35 mL of dd
H20). Pictures of the plates were taken, and images were scored for colony formation using ImagedJ software'®®. All experiments
were done in biological triplicates (each was seeded from a different plate of cells), and colony formation was counted independently
by two people and the averages of the two counts were reported.

Reactive oxygen species assay

Reactive Oxygen Species (ROS) levels were measured for PEO15, PEO4R, PEA1S, PEA2R, PEO145, PEO23R, and FT4 cells using the
Cellular Reactive Oxygen Species Detection Assay Kit (Red fluorescence, ab 186027, Abcam, USA). Briefly, 10,000 cells/well of each
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cell line were plated into Thermo Scientific Nunc MicroWell 96-well optical-bottom plates with polymer base (Cat#165305, Thermo
Scientific, USA). Cells were allowed to attach for 48 hours. The manufacturer’s protocol was followed for the ROS assay, and time-
resolved fluorescence was monitored at Ex/Em = 520/605 nm with bottom read mode on a SpectraMax M5 Multi-mode microplate
reader (Molecular Devices, USA). ROS levels were measured for PEO4 WT and PEO4 KO using a flow cytometry-based assay. Sin-
gle-cell suspensions were treated with 20 uM DCFDA and the fluorescence (Ex/Em = 485/535 nm) was measured. Flow cytometry
was performed at the University of lllinois at Chicago RRC facility using CyAn flow cytometer (Beckman Coulter Inc., Fullerton, CA). All
data were analyzed by Summit software (Beckman Coulter Inc., Fullerton, CA). N-Acetyl-L-cysteine (NAC) was purchased from
Sigma (MO, USA), (#1009005).

CRISPR-Cas9 knockout of CPT1A gene in ovarian cancer cell lines

CPT1A gene was knocked out in PEO1 and PEO4 cell lines using Synthego’s Gene Knockout Kit V2 (Synthego, WA). Briefly, three
guide sgRNAs (see below) were designed to target the first exon of the CPT1A gene to induce multiple concurrent double strand
breaks by SpCas9 nuclease, followed by random non-homologous end joining to create a mixture of various length of nucleotide
deletions in the target region.

CPT1A guide #1: U*C*U*GAUGAACUUCUUUUUCC + synthego modified EZ scaffold
CPT1A guide #2: G*A*G*CUUCAUGGCUCAGCCGC + synthego modified EZ scaffold
CPT1A guide #3: G*G*C*AGAAGCUCACCAAGCUG + synthego modified EZ scaffold

Individual clones were isolated by limited dilution and expanded by multiple rounds of clonal expansion. Nucleotide deletions were
confirmed by DNA sequencing of the PCR product using the following primers: 5'-CCTGATGATCATCTTGGGGCTC (PCR forward
primer), 5'-CCTCCTATTAAGTAGGTCGCTGGC (PCR reverse primer) and 5-TCTTTGTAGCGGTGGACAGGC (sequencing primer).
The loss of CPT1A protein production was confirmed by western blotting as described below.

Retrovirus production, retroviral infection, and stable cell line selection

Retroviral human CPT1A WT and G710E constructs were kindly provided by Taro Hitosugi from Mayo Clinic. These plasmids were
pLHCX-hygro- Gateway destination vector-based and were constructed as previously described’**. Each of the pLHCX vector
plasmid (RV), CPT1AWT (RW), and CPT1A G710E (RM) plasmid was co-transfected with packaging plasmids (EcoPac, pAmphopac,
pVSVG) into HEK293T (Sigma-Aldrich) cells using lipofectamine 2000. Retrovirus was harvested 48 h after transfection, filtered w/
0.45 um filter, and 8 pg/ml final concentration of polybrene was added. Retroviral infection of the PEO1 WT (A3) and PEO1-
CPT1A KO clones (B85), PEO4 WT (C5) and PEO4-CPT1A KO clones (C6) was conducted with freshly harvested retrovirus. Infected
cell lines were selected in 25 pg/ml hygromycin for 3 weeks to obtain stable cell lines. Stable expression of the CPT1IAWT and G710E
mutant protein was verified by western blot of cell lysates as described below.

Cell apoptosis assay

Cell apoptosis was determined by using a BD PharMingen FITC Annexin V Apoptosis Detection Kit I. Briefly, cells were harvested and
washed with PBS twice. The pellets were resuspended in 1x Binding Buffer and incubated for 15 minutes at room temperature with
3 uL of FITC Annexin V and 3 pL of Propidium lodide in the dark. Then 400 pL of 1x Binding Buffer was added to each tube prior to
analysis. Samples were analyzed with a flow cytometer (LSR Fortessa with HTS, BD Biosciences, NJ, USA) and Summit (Beckman
Coulter Inc.; Fullerton, CA).

Western blot and protein lysate preparation
Protein was extracted from cell pellets using freshly prepared ice-cold urea lysis buffer (containing 6 M urea (Sigma, U0631), 25 mM
Tris (pH 8.0) (Sigma, T2194), 1 mM EDTA (Sigma, E7889), 1 mM EGTA (Sigma, E0396), 1% phosphatase inhibitor cocktail 2 (Sigma,
P5726), 1% phosphatase inhibitor cocktail 3 (Sigma, P0044), and 1% protease inhibitor cocktail (Sigma, P3840)). Lysis buffer was
added directly to cell pellets (1 mL of lysis buffer per 5 x 107 cells, or a minimum of 0.1 mL of lysis buffer for < 5 x 10° cells), followed
by two rounds of sonication (using a cup horn probe (Fisher Scientific, 550 Sonic Dismembrator) filled with ice water (30 s at 50%
power), separated by a 10 s incubation on ice. The lysates were vortexed at maximum power for 15 s and centrifuged at 20,000 g
for 10 min at 4°C to pellet the debris. The cleared lysate was then transferred to a fresh pre-cooled microcentrifuge tube and stored
at —80°C. The protein concentration of the lysate was determined using the Pierce Micro BCA Protein Assay (Thermo, 23235).
Cell lysates were prepared for gel electrophoresis by diluting to a protein concentration of 1.2 ug/uL using 4X NUPAGE LDS Sample
Buffer (Thermo, NP0007), 10X NUPAGE Sample Reducing Agent (Thermo, NP0009) and PBS (where the final concentration of the
LDS Sample Buffer and Reducing Agent are 1X). Samples were heated at 98°C for 5 min, spun down (20,000 g for 10 s at room tem-
perature), and 30 pg of total protein was loaded per well onto a polyacrylamide gel (NUPAGE 3%-8% Tris-Acetate Gels (Thermo,
EA0375BOX) in 1X Tris-Acetate SDS Running Buffer (Thermo, LA0041) for CPT1A, CPT1B, CPT1C and CPT2 western blots; NUPAGE
4%-12% Bis-Tris Gels (Thermo, EA0321BOX) in 1X MES SDS Running Buffer (Thermo, NP0002) for GAPDH western blots). Proteins
were then transferred to a membrane (Thermo, LC2001) using a traditional wet transfer with NUPAGE Transfer Buffer (Thermo,
NPO0006) and the XCell Il Blot Module (Thermo, EI9051). Membranes were washed with 1X TBS (Cell Signaling, 12498S) for 5 min,
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blocked with 5% nonfat dried milk (Cell Signaling, 9999S) for 1 hour at room temperature, incubated with an antibody (dilution and
solution according to manufacturer’s instructions) overnight at 4°C, washed three times with 1X TBST (Cell Signaling, 9997S), incu-
bated with an anti-rabbit IgG HRP-linked secondary antibody (Cell Signaling, 7074) for 1 hour at room temperature, washed three
times with 1X TBST and then incubated with a working solution of SuperSignal West Pico PLUS Chemiluminescent Substrate
(Thermo, 34580) for 5 min at room temperature. Chemiluminescence on the membrane was detected using Bio-Rad’s ChemiDoc
XRS+ Imaging System. Novex Sharp Pre-stained Protein Standard (Thermo Fisher Scientific, Cat # LC5800) was used in the molec-
ular marker lane in western blots, with 80kDa and 40kDa MW marker band shown in related western. The following antibodies were
obtained from commercial resources: recombinant anti-CPT1A antibody (Abcam, ab220789); recombinant anti-CPT1B antibody
(Abcam, ab134135); recombinant anti-CPT2 antibody (Abcam, ab181114); CPT1C-specific antibody (Proteintech, Rosemont, IL,
USA, 12969-1-AP); GAPDH antibody (Cell Signaling, 5174), phospho-Histone H2A.X (Ser139) antibody (Cell Signaling antibodies,
9718), Caspase-3 antibody (Cell Signaling antibodies, 9662), a-Actinin (D6F6) XP antibody (Cell Signaling antibodies, 6487), NRF2
antibody (Proteintech, 16396-1-AP), and histone H3 antibody (Cell Signaling Technologies, Inc. Boston, MA, USA, 17168-1-AP).

PDX drug treatment

For in vivo drug studies, PDX tumors were injected IP into SCID beige mice. When tumors reached a minimum threshold of 0.3-
0.5 cm? by cross-sectional area on ultrasound imaging, animals were randomized into one of six groups: (i) saline control, (i) carbo-
platin (51 mg/kg, IP weekly), (iii) etomoxir (40 mg/kg, IP 5 days/week), (iv) perhexiline (80mg /kg, oral gavage 5days /week), (v)
carboplatin + etomoxir, or (vi) carboplatin + perhexiline for up to 9 weeks. The clinical grade reagents were used for animal exper-
iments as required by IACUC. Carboplatin was purchased from Mayo Clinic pharmacy. Etomoxir was obtained from Target Molecule
Corporation (Targetmol T4535). Perhexiline was obtained as Pexsig (perhexiline maleate tablet, 100mg) from Aspen Pharma Pty Ltd
(NSW, Australia). Both combination groups (v and vi) were treated at the same dose and schedule as the monotherapy groups. Ul-
trasound measurements of tumor size were taken weekly. Mice were removed from the study if predetermined moribund criteria were
met: tumors > 10% of animal body weight (estimated by ultrasound based on experience and IACUC guidance), weight loss > 20%,
or body condition score < 589 animal weight loss > 20% of baseline, inability to ambulate, inability to reach for food and/or water,
skin ulceration from tumor burden, or a body condition score of < 5'%°,

QUANTIFICATION AND STATISTICAL ANALYSIS

Mixed effect model for association tests
We performed a mixed effect linear regression model to test for the association of the individual gene/protein/PTM with platinum
response. Specifically, we considered the following set of models for testing the three hypotheses discussed in the main text:

Protein abundance ~sen/res_0 + patient_O|cellline_0 ... (1)
Protein abundance ~sen/res + time_8hr + time_24hr + patient|cellline ... (2)
Protein abundance ~sen/res + time_8hr + time_24hr + sen/res*time_8hr + Sen/Res*time_24hr ... (3)

For identifying the genes/proteins/PTMs associated with a baseline difference between sensitive and resistant cell lines, we tested
for the regression coefficient of the factor sen/res_0 (considering only samples at baseline) in model 1. We also added the random
effect of patients nested within cell lines (patient_O|cellline_0) in the model to take into account the subject level variation.

For identifying the markers associated with platinum response at 8 hours and 24 hours, we tested the coefficients of time_8hr and
time_24hr respectively in model 2. We also added the random effect of patients within the cell lines.

Finally, for identifying the markers with different platinum responses between sensitive and resistant cell lines, we tested for the
coefficient of the interaction effects sen/res*time_8hr and Sen/Res*time_24hr at the two time points, in model 3; taking into account
the random variation of patients within the cell lines as in the previous two models.

Pathway enrichment analysis using Wilcoxon test

Pathway enrichment analysis was conducted to characterize the baseline difference between sensitive and resistant cell lines, the over-
all platinum effect on the cells, and the platinum response differences between resistant and sensitive cell lines at two time points,
based on results from association tests (described in the previous section). Gene set enrichment was conducted across a collection
of gene sets from MSigDB’s Canonical database that includes: KEGG, Biocarta, Reactome, PID, and from MSigDB’s Hallmark collec-
tion. These collections were downloaded from https://www.gsea-msigdb.org/gsea/msigdb/index.jsp '>'°% 19" We performed the Wil-
coxon test to compare the distribution of signed p values (obtained from mixed-effect model-based regression analysis) of the genes
within the pathways to the remaining genes in the dataset. Gene sets with < 5 or > 300 member genes were excluded. To help identify
pathways distinctly associated with platinum response and to consolidate redundant pathway results, Sumer software was utilized'®”.

Over-representation analysis

Genes, proteins, or proteins containing PTMs that demonstrated larger fold changes in the sensitive cells versus the resistant cells
(and vice versa) in response to platinum were submitted to WebGestalt'®® for over-representation enrichment analysis of Gene
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Ontology Biological Process terms. The reference list were genes or proteins quantified in the same omics type. Terms were consid-
ered significant with a Benjamini-Hochberg corrected p value < 0.05.

Kinase activity analysis

Kinase activity analysis was performed using single sample Gene Set Enrichment Analysis (ssGSEA) implemented in the GSVA R
package®*. Phosphorylation site data were combined by average in each sample if multiple peptides contained the site. Substrates
of kinases were collected from PhosphoSitePlus (version June 2017), SwissProt (version June 2017), and HPRD (v9.0) and were con-
verted to a 13-mer motif (+/— 6 amino acids surrounding the phosphorylated site)'®*:15*192_Kinases were required to have at least 5
substrates in the data. Differences between carboplatin-treated and mock-treated cells were calculated using the mixed effect linear
regression model.

Enzyme activity from substrate phosphorylation

Phosphorylation site 13-mer motifs on kinases and phosphatases that were significantly altered (adjusted p < 0.05) were annotated
with regulatory information downloaded from PhosphoSitePlus (version November 2019). Sites with an ‘on function’ of ‘enzymatic
activity, induced’, were considered activating sites. Sites with an ‘on function’ of ‘activity, inhibited’ or ‘enzymatic activity, inhibited’
were considered inhibitory sites. Sites without known regulatory information were excluded from further analysis.

Phosphosite signature enrichment analysis

PTM-SEA'%? was used to calculate normalized enrichment scores for the perturbation and pathway phosphosite signature sets from
PTMsigDB v1.9 for all samples. The file with human flanking identifiers was modified to contain 13-mers instead of 15-mers. PTM-
SEA was performed using default parameters, with the exception of requiring at least 5 phosphosites in the data. Differences be-
tween carboplatin-treated and mock-treated cells were calculated using the mixed effect linear regression model.

Pathway activity score calculation

Pathway activity scores for individual PDX and human tumor proteomic data were calculated using the GSVA method in the GSVA R
package. The gene sets were the same as described in ‘Pathway enrichment analysis using Wilcoxon test’ and default parameters
were used with the requirement of a minimum of 5 overlapping genes. Scores were compared using Student’s t test.

Protein complex analysis

In this analysis, the goal is to identify protein complexes showing differential expression levels between the sensitive and resistant cell
lines. Considering the CORUM protein complex database’?, we identified 1729 protein complexes with at least two protein members
observed in our cell line global proteomic data. Then for each protein complex, we tested its association with the sensitive/resistant
status by applying the regularized Hoteling T2 test'®®, a multivariate two-sample test, on the global abundances of proteins in the
complex from the 3 sensitive and 3 resistant cell lines. Note, the average abundances across biological replicates of each cell line
at the base line (i.e., mock treatment) was used as the input of the statistical tests. In addition, the regularized Hotelling T2 test
was used to better accommodate the small sample size in the analysis. In the end, we obtained the adjusted p values after accounting
for multiple hypotheses testing. For significantly differentially expressed protein complexes, the up/downregulation direction in the
sensitive compared to the resistant cell lines were annotated based on the mean abundance differences between two cell line groups
across all proteins in the complex. In Table S5, we also reported the proteins in each complex that are marginally significant (p < 0.05)
based on the univariate association test using mixed effects regression models.

Copy number variation (CNV) analysis

We performed data analysis based on 10x whole genome sequencing copy number variation data to identify any difference in copy
number between three sensitive and 3 resistant cell lines. DNA copy number segmentation and amplification/deflection calls were
made using BIC-seq and GISTIC based on the WGS. There were 24,579 genomic segments, many of which had identical copy
numbers across all 6 cell lines. We first collapsed the segments with identical copy numbers, and this gave us 477 segments. We
then performed a univariate association test using paired t test to test if there is mean difference in copy number between sensitive
and resistant cell lines. We report the p value, log 2 (fold change) and adjusted p value (FDR) for genes in corresponding segments in
Table S6. We do not see any individual gene passing an FDR cut-off of 0.1. We then combined the p values of the univariate asso-
ciation test analysis at baseline based on protein and RNA with the p values of the CNV univariate association analysis using Fisher’s
method and also obtained the adjusted p value (reported in Table S6).

PDX drug response

PDX growth curves were analyzed by repeated-measures implemented via linear mixed effects models'®*. The dependent variable
was ultrasound tumor area on the natural log scale. Independent variables were day, treatment arm, day by treatment interaction,
and day squared, where the day variable was centered. The functional form of the mean model was chosen based on Akaike infor-
mation criterion (AIC), Bayesian information criterion (BIC), plots of predicted trajectories and residual plots assuming independent
observations. The form of the mean model was then held fixed and plausible covariance structures estimated via restricted maximum
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likelihood estimation; AIC and BIC indicated that a spatial (power) covariance structure was a good fit. Treatment arms were
compared via two degree of freedom coincident curve hypothesis tests.

Statistical software
All analyses were performed via R (R foundation for statistical computing, Vienna, Austria 2017)) and SAS software (copyright 2016,
SAS Institute Inc., Cary, NC, USA) unless otherwise noted. Heatmaps were generated using the ComplexHeatmap package'”® in R.

ADDITIONAL RESOURCES

All processed proteogenomic data are presented via an online portal with an intuitive gene-query user interface (https://sites.google.
com/view/ptrc-cell-line). The web portal provides visualizations of the proteogenomic data and pathway analysis.
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