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FTE with conditioned media from nMSCs or hrMSCs every other day for 6 days. At days 2, 4, and 6 post-
treatment, viable FTE cells were quantified via MTS assay. Indeed, hrMSC conditioned media promotes
increased cell recovery following peroxide treatment relative to nMSC controls (Fig. 3G). These data lead us to
conclude that, not only are hrMSCs promoting FTE cell growth and stemness, they are also inducing DNA
damage in the form of DNA DSBs and supporting FTE recovery following DNA damage.

Figure 3 hrMSCs increase FTE proliferation, stemness, induce DNA damage in FTE, and enhance recovery of FTE
following oxidative stress. A) Primary FTE were grown in co-culture with matched nMSCs, hrMSCs, or alone for up to 4
days. Each day the total number of viable cells were determined(n=3). B) Primary FTE were grown under non-adherent
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conditions with or without nrMSCs and hrMSCs. Spheroids were grown for 7 days and manually counted (n=3). C)
Percentage of ALDH+ FT190 cells were determined by flow cytometry after 5 days of adherent co-culture with or without
nrMSCs or hrMSCs. Percent of total cells that are ALDH+ are shown as well as representative flow plots (n=3). Primary
FTE and immortalized FT190 control cells were co-cultured for 24 hours alone or with nMSCs or hrMSCs. Cells were
assayed for E) yH2AX fluorescence intensity and F) 53BP1 foci per nucleus by fluorescent microscopy (n>3). Individual
data points reflect individual nuclei. G) Primary FTE and FT190 control cells were treated with 50uM hydrogen peroxide and
supplemented with either nMSC conditioned media (CM) or hrMSC CM. G) Cell viability was determined by MTS assay
(n>3). H) Representative multispectral images of FTE with DNA DSBs (53BP1 foci) overlying either nMSC dense or hrMSCs
dense stroma in WT or BRCA 1™ fallopian tubes. For Fig. 3A-G, p-values were determined by one-way ANOVA with Tukey’s
multiple comparison analysis.
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Figure 4 hrMSCs induce malignant transformation of p53™ and
BRCA1™ primary FTE cells. Primary FTE p53 mutant cells were
cultured under non-adherent conditions alone, or with either nMSCs

Single Culture or hrMSCs. Co-cultures were grown for 10 weeks then dissociated

pS3 FTE 0/3 and injected in NSG mice. A) Total number of mice that developed
BRCA1 FTE 0/3 tumors for each condition is shown (n=1). B) Macroscopic
nMSC 0/3 representative images of primary tumors and secondary
hrMSC 0/3 Metastatic metastases. C) Tumor volume per mouse was graphed over the
Direct Co-culture $ . ¢ % | course of 5months. D) Tumors cells from the primary and metastatic

tumors were excised, dissociated, and passaged up to 6 days. E)
Tumor cells were also treated with 1 mg/mL cisplatin and cell growth
was determined up to 5 days (n=3). F) IVIS imaging of a
representative mouse after week 2 and week 3 of secondary
initiation (n=1). G) Gross anatomy of tumor initiation site. Tumors
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FTE demonstrated immortalization without replicative senescence. Compared to the parent p53™! FTE line, in
which cells underwent senescence after 8-12 passages, the transformed p53™! FTE have been passaged over
80 times with a doubling time of ~24hrs. To further confirm full malignant transformation, we performed a
secondary initiation experiment using an orthotopic model. The transformed p53™ FTE, after ex vivo
propagation, were injected into the ovarian bursa of NSG mice and allowed to grow for 3 months. To quantify
the time to engraftment, a subset of the transformed p53™t FTE were transduced with luciferase lentivirus to
enable tracking with IVIS imaging. In this subset of tumors engraftment was seen by Week 2 (Fig. 4F) with
evidence of metastasis by week 7 post-injection (Fig. 4G). All other mice bearing transformed p53™! FTE (without
luciferase to prevent any confounding of results from viral transfection) were sacrificed at 3 months to assess
tumor initiation and burden. All mice (12 of 12) demonstrated tumor engraftment with local invasion. 5 of 12 mice
demonstrated lung and liver metastasis. Tumors were excised and validated with histopathology (T.R.S.)
demonstrating high grade carcinoma morphology, epithelial origin (Supp. Fig. 4B) and loss of p53 expression
(consistent with the parent FTE line harboring a p53 null mutation) (Fig. 4H). Collectively, these data demonstrate
a stromal-mediated FTE transformation.

Transformed FTE exhibit genomic HGSOC mutation signatures

HGSOC bear hallmark mutation signatures and certain mutation signatures can infer potential
mechanism of DNA damage 7 %37, Thus, to characterize the genomic alterations in the transformed FTE and
shed light on the underlying DNA damage mechanism in our model, we conducted whole genome sequencing
on our metastatic p53™" FTE transformed cell lines. Compared to the non-transformed parental FTE cell line,
transformed FTE cells acquired somatic mutations in genes associated with HGSOC, namely BRCA1 and APC,
as well as structural variants (Fig. 5A/B). Moreover, we performed single-base signature analysis on our whole-
genome sequencing data and compared this to COSMIC mutational signatures. Interestingly, we discovered that
each sample exhibited single-base mutational signatures 1, 2 and 5, with signature 5 having the strongest relative
frequency (Fig. 5C). Signature 5 has unknown etiology; however, it has been associated with DNA damage
resulting from replication stress, chronic exposure to reactive oxygen species (ROS), and aging. Based on this,
we sought to characterize levels of oxidative stress in nMSCs and hrMSCs. We relied on CellROX oxidation
probes to measure oxidative stress. We first observed that CellROX Deep Red (DR) positively correlated with
WT1 expression in MSCs (Fig. 5E). Both CellROX DR and CellROX Green fluorescence intensities were
significantly greater in hrMSCs compared to nMSC controls by flow cytometry (Fig. 5E) and immunofluorescence
(IF) (Fig. 5G). Further, hrMSC oxidative stress was reduced to nMSC levels with a single 24-hour treatment of
the antioxidant Trolox (Fig. 5F).

Given that we observed DNA damage and mutation in FTE exposed to hrMSCs, we next tested if FTE
co-cultured with hrMSCs also acquired oxidative stress. Therefore, we labeled hrMSCs with CTV and FTE with
CFSE. Cells were co-cultured for 24-hours and were harvested for analysis by flow. We observed significantly
greater CellROX DR MFI in FTE co-cultured with hrMSCs relative to FTE co-cultured alone or with nMSCs (Fig.
5H/1). nMSCs elicited a non-significant shift in FTE oxidative stress.

We next tested if hrMSC oxidative stress was essential for DNA damage in FTE. We co-cultured hrMSCs
with FTE +5 yM Trolox, and quantified 53BP1 foci. We observed a significant reduction in 53BP1 foci in FTE
cells that were co-cultured with hrMSCs in the presence of Trolox (Fig. 5J). These data indicate that hrMSCs are
inducing DNA damage in FTE through oxidative stress by either direct or indirect mechanisms.
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Figure 5 Transformed p53™'' FTE that metastasized harbor mutational hallmarks of HGSOC. Whole genome
sequencing was used to characterize mutations present in metastatic samples from the primary initiation of transformed
p53mut FTE. A) Oncoprint including mutations in genes commonly mutated in HGSOC. Correlations to COSMIC single base
and double base signatures are shown (SBS and DBS, respectively). B) Summary statistics of mutational analysis including
synonymous, and non-synonymous mutations. C) Representative graph of single base mutations for one sample exhibiting
the pan-cancer mutational signature (signature 5). Representative graph of the non-specific double base signature. D) We
hypothesize that hrMSCs have have greater oxidative stress that is communicated to FTE to induce DNA damage. E) Linear
regression of WTT1 relative fluorescence intensity (RFI) and the oxidation probe CellROX Deep Red (CellROX DR)
determined by flow cytometry. Individual data points represent individual events. F) CellROX DR staining was compared
between nMSCs and hrMSCs by flow cytometry. 10uM Trolox in DMSO was used as a negative control. Individual data
points represent individual wells (n>3). G) CellROX Green fluorescence intensity was compared between nMSCs and
hrMSCs by fluorescent microscopy. Representative cells are shown at 20X magnification with a 100um scale bar. Individual
data points represent individual cells. >3 fields per group were taken. Student’s T-test was used to determine significance.
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H/l) FTE were co-cultured with either nMSCs or hrMSCs for 24 hours and assayed for CellROX DR stain by flow cytometry
(n=3). Representative cells are shown at 20X magnification with a 100um scale bar. Individual data points represent
individual nuclei. >3 fields were taken per condition. J) FTE were co-cultured with hrMSCs +10uM Trolox in DMSO for 24
hours. 563BP1 foci per nucleus were determined by fluorescence microscropy. For figures 5E-H, p-values were determined
by ordinary one-way ANOVA with Tukey’s multiple comparison analysis.

hrMSCs have increased oxidation at baseline and produce elevated lipid hydroperoxides relative to
matched, non-tumor-supportive nMSCs

One consequence of increased oxidative stress is lipid peroxidation. As lipid peroxides are more stable
than ROS, can be trafficked between cells, and can break down into the highly mutagenic compounds
malondialdehyde (MDA) and 4-hydroxy-2E-nonenal (4-HNE) we hypothesized this may be an important
mechanism of hrMSC induced DNA damage in FTE. We characterized 4-HNE and MDA (Fig. 6A-D) levels in
nMSCs and hrMSCs via IF and flow cytometry, respectively. Both 4-HNE and MDA were increased in hrMSCs
relative to nMSCs. Trolox treatment decreased levels of both 4-HNE and MDA. Like CellROX, both 4-HNE and
MDA positively correlated with WT1 expression (Fig. 6E,F). To understand if lipid peroxides are being trafficked
from hrMSCs to FTE cells, we utilized both ELISA and IF assays to detect extracellular and intracellular MDA.
While MDA concentrations were near undetectable in the conditioned media of either nMSC or hrMSCs (Supp.
Fig. 6A), MDA puncta are visualized by IF on the cell membrane of hrMSCs (Fig. 6H). Notably, these MDA
puncta are present in/on the filopodia/nanotubes originating from CTV labelled hrMSCs and connect to FTE
suggesting that transfer of lipid peroxides occured via direct interaction. In support of this, co-culture of FTE with
hrMSCs also resulted in significantly increased MDA and 4-HNE in FTE compared to FTE alone or FTE co-
cultured with nMSCs (Fig. 61,J). We next verified that exogenous lipid peroxide breakdown products could induce
DNA DSBs in FTE. We treated FTE with 20uM 4-HNE for 8 hours and quantified 53BP1 foci. Indeed, 53BP1 foci
were significantly increased in FTE treated with 4-HNE compared to FTE treated with DMSO (Fig. 6K). These
data indicates that hrMSCs induce DNA DSBs in FTE, in part via production and trafficking of lipid peroxide
break down products.
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Figure 6 HrMSCs exhibit increased oxidative stress and lipid peroxide breakdown products that induce DNA
damage in FTE. 4-hydroxy-2E-nonenal (4-HNE) and malondialdehyde (MDA) were compared between nMSCs and
hrMSCs by A/B) fluorescence microscopy (n=2) and C/D) flow cytometry (n>3). A/B) Each data point is an individual cell
with N=3 nMSC lines and N=7 hrMSC lines. 20X magnification representative images are shown. >3 fields were imaged
and analyzed per condition. C/D) Each data point is the MFI determined for an individual patient cell line. 10uM Trolox
treatment is included as a negative control. Each point is a separate patient.E/F) Linear regression between E) 4-HNE and
WT1 and F) MDA and WT1 by flow cytometry. Individual points are independent events. G) We hypothesize that FTE DNA
damage is a result of hrMSC lipid peroxidation. Dashed lines are test in the following figure panels. H) Representative
images of MDA in hrMSCs (CTV+) that are co-cultured with FTE (CT CSFE+). Arrows depict MDA puncta that are visible
within nanotubule connections between cells (n>3). Quantification of I) 4-HNE-PE and J) MDA-APC fluorescence intensities
in FTE cells and MSCs with or without co-culture. K) FTE were treated with 5uM 4-HNE and assayed for 53BP1 foci. P-
values were determined by ordinary one-way ANOVA with Tukey’s multiple comparison analysis.
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Restoration of pAMPKa1/AMPKa1 in hrMSCs ameliorates FTE DNA damage burden after co-culture

Next, we sought to clarify the mechanism by which hrMSCs develop increased oxidative stress and the
DNA damage inducing phenotype. Increased oxidative stress in the setting of reduced AMP-associated protein
kinase alpha 1 (AMPKa1) activation and feedback inhibition is a well-characterized hallmark of aging®=°.
Therefore, we compared AMPKa1 and phospho-AMPKa1 (T172; pAMPKa1) protein expression between
NMSCs and hrMSCs from multiple patients. While the pAMPKa1:AMPKa1 ratio remains unchanged, nMSCs
express significantly higher AMPKa1 and pAMPKa1 compared to hrMSCs (Fig. 7A). When we restored AMPKa.1
and pAMPKa1 expression pharmacologically using BC1618 (Fig. 7B), a small molecule inhibitor of pAMPKa.1
degradation, we observed dose dependent decreases in total hrMSC MDA and 4-HNE via flow cytometry (Fig.
7C). These data suggest that reduced AMPKa1 expression may contribute to hrMSC DNA damage function (Fig.
7D). Therefore, we induced expression of AMPKa1 via lentiviral transduction of hrMSCs with GFP-tagged
AMPKa1. We flow sorted GFP+ hrMSCs and confirmed overexpression via western blot (Fig. 7E). We observed
reduced MDA/4HNE levels in hrMSCs overexpressing AMPKa1 compared to hrMSCs transduced with empty
vector controls (Fig. 7F). Similarly, FTE co-cultured with hrMSCs overexpressing AMPKa1 exhibited reduced
MDA/4-HNE compared to FTE cells co-cultured with empty vector controls (Fig. 7G). Lastly, when FTE cells
were co-cultured with AMPKa1 overexpressing hrMSCs, total 53BP1 foci were reduced as well as the number
of cells exhibiting increased 53BP1 foci (Fig. 7H). Collectively, this data demonstrated AMPKa1 expression is
reduced in hrMSCs resulting in reduced feedback inhibition of oxidative stress/lipid peroxidation and subsequent
induction of DNA damage in co-cultured FTE.
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Figure 7 Pharmacologic and genetic AMPKa1 restoration results in reduced LPBPs and DNA damage in FTE. A)
Western blot and quantification of AMPKa1 and pAMPKa1 from nMSC (N=4) and hrMSCs (N=6) patient lines. B) Western
blot and quantification of AMPKa1 and pAMPKa1 following BC1618 treatment for 24 hours. C) BC1618 treated hrMSCs
were analyzed by flow cytometry for 4-HNE-PE and MDA-APC fluorescence intensity. D) We hypothesize that restoration
of hrMSC AMPKa1 expression will ameliorate DNA damage in FTE cells. E) Western blot and quantification of MSCs
transduced with lentiviral particles containing either GFP-tagged AMPKa1 (hrMSC OE) or GFP-empty vector constructs
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(hrMSC EV). Endogenous and exogenous AMPKa1 and pAMPKa1 were combined for quantification. F) Quantification of
4-HNE-PE and MDA-APC fluorescence intensity by flow cytometry in transduced cell lines (n=2). G) Representative 20X
images of FTE that were co-cultured at a 1:1 ratio with transduced hrMSCs. 53BP1 foci were quantified by fluorescence
microscopy. >3 fields per condition were imaged and analyzed. P-values were determined by ordinary one-way ANOVA
with Tukey’s multiple comparison analysis.

Discussion

It is now recognized that the majority of HGSOC is primarily derived from the fallopian tube epithelium;
therefore, the majority of studies focus exclusively on FTE intrinsic selective pressures for oncogenesis 784042,
Further, pathologic mutations in either BRCA1 or BRCAZ2 convey a 30- to 40-fold increased risk of developing
HGSOC; therefore, most studies focus on patients with germline mutations in these genes. However, the majority
of HGSOC occurs in women without germline BRCA1/2 mutations, highlighting a critical need to elucidate a
mechanism of ovarian cancer initiation that considers other, more broadly applicable factors .

Our work indicates a critical role for the fallopian tube stroma in ovarian cancer initiation. Using a
combination of multispectral immunofluorescence, DNA methylation analysis, and flow cytometry for WT1
expression, we identified a subset of MSCs that exist within the fallopian tube stroma of women without cancer
which phenocopy fully cancer-educated CA-MSCs. CA-MSCs are characterized by their tumor-supportive
functions; however, given that these MSCs were identified in women without cancer, we termed these cells high-
risk MSCs or hrMSCs. We demonstrated that hrMSCs exist within the fallopian tube stroma of women without
HGSOC. HrMSCs were most abundant surrounding STIC lesions which are considered the precursor lesion to
HGSOC. Additionally, the presence of hrMSCs extended well beyond the boundaries of the STIC lesion, creating
a possible field effect surrounding and contributing to the development of STIC lesions and, ultimately, HGSOC.
HrMSCs were also found in women without any identifiable pathology in their fallopian tubes and were enriched
in patients with greater age and patients with germline BRCA1/2™;, however, they were not exclusive to those
subgroups. We also demonstrated that hrMSCs functionally mirror CA-MSCs in their ability to support tumor cell
growth. Moreover, hrMSCs also directly influenced benign FTE. hrMSCs increased DNA damage and DSB
burden in FTE. This association was validated in vivo, with co-localization of FTE with 53BP1 foci (a marker of
DNA DSBs) with hrMSCs within the underlying stroma. DNA DSBs are considered hallmarks of HGSOC, often
directly contributing to the allelic copy number variations typical of invasive disease. Given the toxicity of DNA
DSBs in human cells, we expected total loss of epithelium after prolonged co-culture or upon additional cell
stress. Therefore, it was striking to discover that not only do FTE proliferate more when in co-culture with
hrMSCs, but FTE recover significantly better, after additional oxidant stress, when exposed to hrMSC
conditioned media. These data indicate that hrMSCs provide two vital stimuli for ovarian cancer initiation:
induction of DNA damage and promotion of epithelial survival. Additionally, hrMSCs may support the stem-like
capacity of FTE by enriching cells with high ALDH expression and with the capacity to grow in spheres. As many
hypothesize that cancer initiation depends on malignant transformation of the normal stem cell population, the
impact of stromal-mediated DNA damage induction and survival may be even more potent when occurring in the
FTE stem cell population*.

Most importantly, hrMSCs triggered full malignant transformation of primary FTE in vivo. These findings
were validated by WGS, which demonstrated classic hallmarks of HGSOC. To date, the transformed epithelium
has been passaged >80 times in comparison to primary epithelial lines that senesce within weeks of ex vivo
culture, demonstrating permanent retention of malignant features resulting from hrMSC influence. Other sources
of FTE DNA damage have been described; however, none have recapitulated in vivo transformation. These
additional stressors may encourage the pro-tumorigenic function of hrMSCs; therefore, future investigation into
hrMSC metabolism, cell-to-cell interactions, and FTE responses are vital in determining the precise mechanism
of epithelial transformation.

Our initial investigation into the mechanism of hrMSC-mediated malignant transformation was based on
the genomic analysis of the transformed FTE, which demonstrated a mutational signature associated with
chronic oxidative stress (COSMIC single base signature 5). We then verified that hrMSCs have higher oxidative
stress compared to normal MSCs. This high oxidative stress leads to an increased burden of 4-HNE and MDA
in hriMSCs. 4-HNE and MDA belong to two separate lipid peroxide breakdown product families, each capable of
inducing genotoxic stress, either in the form of replication fork stalling or DNA DSBs. Lipid peroxides have been
implicated in disease progression; however, their involvement in HGSOC initiation has been neglected. hrMSCs
express low levels of AMPKa1, which is known to result in reduced responsivity toward fluctuations in cellular
oxidative stress. This suggests that hrMSCs lack robust, oxidant stress feedback inhibition, which would permit
hrMSCs to accumulate 4-HNE/MDA and induce DNA damage in FTE. Intriguingly, pharmacologic, and genetic
restoration of AMPKa1 in hrMSCs or hrMSC treatment with Trolox resulted in significantly lower oxidative stress,
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4-HNE/MDA burden, and FTE DNA damage and DSBs. Further work is needed to understand the mechanism
driving lower AMPKa 1 in hrMSCs; how hrMSCs both induce DNA damage yet increase FTE survival; and other
related or orthogonal mechanisms underlying hrMSC-mediated FTE transformation.

Collectively, this work identifies the stromal microenvironment as a crucial factor in HGSOC initiation.
We demonstrate that benign resident MSCs take on a pro-tumorigenic phenotype prior to the initiation of
cancer and that these cells actively participate in the malignant transformation of overlying epithelial cells. This
information is vitally important to our understanding of how HGSOC forms and in the effort to create early
detection or prevention strategies for this deadly disease. To date, biomarkers associated with HGSOC have
not reached the necessary sensitivity and specificity to be useful for early detection of ovarian cancer.
Understanding the role of the fallopian tube stroma in HGSOC initiation may enable the discovery of stroma-
based biomarkers to improve the development of methods for early detection. Similarly, stroma-based
prevention strategies may also be possible to block the tumor-promoting impact of hrMSCs. This work
highlights the importance of the stromal microenvironment in HGSOC initiation and provides support to
investigate similar stroma-mediated functions at other sites of oncogenesis.
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