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LINE-1 ORF1p expression occurs in clear
cell ovarian carcinoma precursors and is
a candidate blood biomarker
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Long interspersed element 1 (LINE-1) retrotransposons are repetitive sequences that can move within
the genome by an autonomous mechanism. To limit their mutagenic potential, benign cells restrict
LINE-1 expression through molecular mechanisms such as DNA methylation and histone
modification, but these mechanisms are usually impaired in cancer. Clear cell ovarian carcinoma
(CCOC) represents 5-10% of ovarian cancers and is thought to arise from endometriosis. Women with
advanced CCOC face poor prognoses, highlighting the importance of understanding early disease
pathogenesis. In our study, 33 of 40 cases (over 82%) of CCOC tumors express ORF1p, a LINE-1-
encoded protein. We found that LINE-1 de-repression is an early event in CCOC, as ORF1p is
enhanced during the transition from typical to atypical endometriosis and persists in invasive cancer.
Finally, using single-molecule array (Simoa) assays, we detected ORF1p in patient blood, suggesting it
as a potential minimally invasive biomarker for this disease.

Mobile genetic elements make up nearly half of the human genome and can
be grouped into two major classes: DNA transposons and retrotransposons.
In humans, retrotransposons are most prevalent and currently active. This
activity is fueled by long interspersed element 1 (LINE-1, L1) retro-
transposons. With about 500,000 copies, LINE-1 interspersed repeats
constitute approximately 17% of the human genome. About one hundred
LINE-1 elements are potentially active today in any human genome'. To
counteract the potentially deleterious effects of mobile element insertions,
host mechanisms have evolved to combat retrotransposition. For instance,
the transcription of LINE-1 is driven by a CpG dinucleotide-rich internal
promoter, and expression in adult human cells is usually suppressed by
molecular mechanisms including DNA methylation and transcriptional

regulation’™. Post-transcriptional control mechanisms have also been
described”™. Interestingly, a number of studies have documented the
aberrant expression of LINE-1 across epithelial cancers, including ovarian
cancer'’™". In most cases, DNA hypomethylation is associated with LINE-1
reactivation'’™"*'*".

Epithelial ovarian cancer is a heterogeneous disease with numerous
histopathologic and genetic types. The most common histopathologic
variants include high-grade serous, endometrioid, clear cell, mucinous, and
low-grade serous carcinomas. High-grade serous ovarian carcinoma
(HGSOC) is the most common subtype, accounting for up to 70% of cases
and the majority of disease-related mortality™®. Clear cell ovarian carcinoma
(CCOCQ) is less common, accounting for 5-10% of ovarian cancer in
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North America, although it is more common in Asia"’. CCOC and endo-
metrioid ovarian carcinomas demonstrate similar driver mutations and are
both thought to derive from endometriosis™ . Thus, they are sometimes
referenced together as endometriosis-associated ovarian carcinomas.

The majority of CCOC is diagnosed at early stage with an overall
favorable prognosis. However, CCOC is notoriously challenging to treat
when detected at an advanced stage. In such case, it exhibits a markedly low
response rate to standard chemotherapeutic regimens and is associated with
poor prognosis™. There are currently no effective therapies for women with
advanced CCOC, and a major obstacle in improving the outcomes for
patients is the incomplete understanding of its pathogenesis. Specifically,
there is a lack of comprehensive understanding of the factors driving its
origin from endometriosis, its aggressive tumor behavior, and its poor
response to therapies™.

Here, we investigate the expression of LINE-1 in CCOC and precursor
endometriotic lesions. We found that the majority of these tumors express
ORFlp, one of two open reading frames (ORFs) encoded by LINE-1. Due to
the association of clear cell ovarian carcinoma and endometriosis, we
examined whether ORF1p expression is detectable in typical and atypical
endometriosis. By immunohistochemistry, we found that the transition
from typical endometriosis to clear cell carcinoma is marked by enhanced
ORF1p expression, which is retained in invasive disease. We show that
CCOC cell lines retain the expression of ORF1p and find accumulation of
ORF1p in extracellular media. The release of ORF1p into conditioned media
is explained, in part, by its presence in small extracellular vesicles (SEVs).
Finally, we employed single-molecule array (Simoa) assays to detect ORF1p
in the blood samples of patients with CCOC. Our findings reveal that
ORFlp is consistently expressed across serum and plasma samples, parti-
cularly in patients at the early stage (Stage I) of CCOC, highlighting its
promise for early diagnosis in CCOC cases. Together, these results suggest
that de-repression of LINE-1 elements is an early event in clear cell ovarian
carcinomas and that ORF1p could serve as a diagnostic biomarker for this
disease.

Results

LINE-1 is de-repressed in clear cell ovarian carcinomas

LINE-1 deregulation and concomitant expression of open reading frame 1
protein (ORFlp) is a common feature of many cancer types, including
ovarian carcinoma®**’. The observation that high-grade serous carcino-
mas, the most common subtype of ovarian cancer, express ORFlp
prompted us to investigate whether other subtypes also express this
protein'""*", In particular, we were interested in clear cell ovarian carci-
nomas (CCOC) because they represent a challenging histotype to treat if
detected at late stage. We created a tissue microarray (TMA) of forty CCOC
cases and used immunohistochemistry (IHC) to assess ORF1p expression.
ORF1p staining was scored by five anatomic pathologists using a 4-tiered
scale (no expression, weak, intermediate, and strong) (see Methods, LINE-1
ORFl1p Immunohistochemistry scoring) (Fig. 1A). Results showed that
staining was restricted to the epithelial cells, with no staining in the stromal
compartment. A fine speckled cytoplasmic pattern of staining was noted in
all positive cases, consistent with previous reports " (Fig. 1B). In cancer
samples, ORF1p expression was generally robust and diffuse (72.5% inter-
mediate, 10% strong), though immunoreactivity varied between cases.
When we dichotomized the scores into negative (no expression and weak)
and positive (intermediate and strong), we observed that 33 out of 40
(82.5%) of the CCOC cases were positive (Fig. 1C), together demonstrating
that LINE-1 is pervasively de-repressed in CCOC.

To assess the stability of ORFlp as a marker, we also evaluated two
cases of recurrent disease. As is shown in Supplementary. Fig. 1, ORFlp
showed a strong expression in pre- and post-chemotherapy treatment
samples from both cases, suggesting that the stability of ORF1p could also be
used in patients with recurrent disease.

Finally, we asked whether there is a correlation between ORF1p tumor
expression and clinical variables. We did not detect any correlation with age
at diagnosis (p-value =0.55), FIGO stages p-value >0.99), or tumor size

(p-value = 0.35) (Supplementary Table 3). Together with the diffuse and
homogeneous staining pattern across tumor samples, we suggest that
LINE-1 expression levels, as measured by ORF1p, may reach a ‘threshold’ in
carcinogenesis that is consistent through late stages of progression.

ORF1p expression is enhanced during neoplastic transformation
The observation that CCOC samples express ORF1p motivated us to ask
whether its de-repression is an early event in the pathogenesis of this disease.
The link between endometriosis and CCOC is well established’ "%,
Temporal acquisition of genetic and epigenetic alterations in endometriotic
lesions (typical endometriosis) leads to morphologically visible epithelial
atypia (atypical endometriosis) and eventual carcinoma®. To investigate
whether LINE-1 expression occurs in these early lesions, we performed
ORF1p IHC on whole-mount slides from cases of typical endometriosis
(N =62) and atypical endometriosis (N = 40). As observed in CCOC sam-
ples, ORF1p staining was restricted to the epithelial lining, and was negative
in the endometrial stroma (Fig. 2A). Positive staining of typical endome-
triosis samples was noted in 19 out of 62 (31%). Interestingly, we observed a
much higher frequency of expression in atypical endometriosis samples,
where positive staining for ORF1p was found in 28 out of 40 cases (70%)
(Fig. 2B). As a control, we evaluated ORF1p expression in 60 benign pro-
liferative (n=35) and secretory (n=25) endometrium samples, which
showed negative staining in the majority of the cases (66% and 76%,
respectively) (Supplementary Fig. 2). The increased immunoreactivity
observed in atypical vs. typical endometriotic lesions (Supplementary
Table 4, p-value = 0.0001) and benign endometrium, suggests that ORF1p
expression is enhanced during neoplastic transformation.

LINE-1 ORF1p is expressed and released by CCOC cell lines
The presence of ORFlp in CCOC precursors prompted us to further
investigate ORF1p expression in the development of the disease. Currently,
there is a lack of in vitro models for the study of endometrium-related and
endometriosis-related malignancies. This makes it challenging to explore
disease biology and the mechanisms leading to carcinogenesis. Nevertheless,
we obtained one human endometrial epithelial cell line (hEM3)™ and one
immortalized human endometriotic cell line (12Z)"' for evaluating ORF1p
levels in culture, along with a panel of eight human CCOC cells. Consistent
with the TMA data, western blot analysis showed that ORF1p is readily
detectable at variable degrees in the evaluated CCOC cell lines (Fig. 3A).
Intracellular ORF1p distribution assessed by immunofluorescence showed a
predominantly cytoplasmic distribution of ORF1p, which was observed in
IHC images and has been previously established in the literature>>*"?
(Fig. 3B). As expected, the endometrial cell line hEM3 did not show ORF1p
expression, while the endometriotic 12Z cell line showed weak expression.
These results support the previous observation that ORF1p expression is
acquired in endometriotic lesions and that its expression is retained during
the establishment of the carcinoma.

It has been demonstrated that ORFlp can be released by cancer
cells"**. To evaluate if ORF1p is a good candidate for detection in extra-
cellular fluids in CCOC, we assessed if cultured cells could release ORF1p
into the media. Western blot analysis of cell supernatants showed that the
majority of CCOC cell lines had detectable ORF1p in conditioned media
and that their levels correlated with those observed in cell lysates (Fig. 3C).
To investigate the mechanism underlying ORF1p release, we isolated small
extracellular vesicles (SEVs) from conditioned media using size exclusion
methodology and assessed the presence of ORF1p. Nanoparticle tracking
analysis showed that obtained samples were enriched in small vesicles,
ranging from 50 to 250 nm, in all five cell lines (Fig. 3D and Supplementary
Fig. 3). To detect ORF1p in these samples, we used a single-molecule array
(Simoa) assay, a digital bead-based ELISA technology able to detect low
femtomolar ORF1p concentrations®. As a control, we first evaluated Simoa
on supernatants of hEM3, 12Z, JHOC-5, JHOC-9, OVTOKO, and
OVMANA lines, finding the same trend observed by western blot, with no
or low ORFl1p presence in benign cells and higher levels in CCOC (Fig. 3E).
Finally, we found that ORF1p was detectable in sEVs isolated from CCOC
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Fig. 1 | LINE-1 is de-repressed in clear cell ovarian carcinoma. A Formalin-fixed,
paraffin-embedded human tissue from TMA. Representative H&E (bottom panel)
and ORF1p IHC (upper panel) scale images used for scoring. B ORF1p IHC scale at
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higher magnification. Scale bar: 200 pm. C Distribution of ORF1p scoring in CCOC
samples (n = 40).

cell lines (Fig. 3F), suggesting this as one of the cellular mechanisms by
which ORF1p reaches the extracellular media. Together, these data support
further exploration of ORF1p as a biomarker for CCOC disease.

LINE-1 ORF1p is detectable in CCOC patient blood samples

We recently showed that LINE-1 ORF1p can be detected in blood samples
from patients with HGSOC using both immune-multiple reaction mon-
itoring assays coupled to mass spectrometry (iMRM-MS)"* and Simoa™. To
investigate if this is also true for CCOC, we applied two highly sensitive
Simoa assays 34H7:Nb5-5LL and 62H12::Ab6 (written capture:detector),
achieving detection limits of 0.016-0.029 pg/mL (106-204 aM trimeric
ORF1p), to a small cohort of plasma samples from CCOC patients (1 = 5).
The fundamental sensitivity of these assays remains consistent with pre-
vious work™, as evidenced by the attomolar-range limits of detection (LOD)
for endogenous ORF1p. The approach is conceptually similar to an ELISA
but carried out with single molecule sensitivity on a bead: a first antibody
captures single molecules of ORF1p on magnetic beads; detection is then
achieved using a distinct second, enzyme-conjugated affinity reagent. These
assays afford attomolar-range limits of detection (LOD) for endogenous

ORF1p**”. As depicted in Fig. 4A, both assays successfully detected ORF1p
in five out of five patients (at a specificity 96% for 34H7:Nb5-5LL, and 84%
for 62H12::Ab6), including 2 out of 2 presenting with Stage I cancer. To
comprehensively characterize ORF1p and further evaluate its reliability as a
biomarker, we extended our investigation to serum samples (n = 16) from
CCOC patients using the same Simoa assays. 34H7:Nb5-5LL detected 7 out
of 8 Stage I CCOC cases with a specificity of 80% while 62H12::Ab6 detected
all cancer cases including the 8 Stage I (Fig. 4B). Together, our data show
promise for ORF1p as an early detection biomarker for CCOC.

ORF1p regulation in CCOC and precursor cells

We and others have previously shown that DNA methylation is a major
regulator of ORF1p expression in benign epithelial cells'*'**. To explore
whether the regulation of ORF1p expression in CCOC and precursors is also
regulated by DNA methylation, we treated three CCOC cell lines expressing
low levels of ORF1p, JHOC-5, JHOC-7, and ES-2, with the DNMTs inhi-
bitor decitabine (5 uM) for 5 and 7 days. As is shown in Supplementary
Fig. 4, decitabine treatment abrogates DNMT1A protein levels, decreases
LINE-1 methylation, and induces ORF1p expression in CCOC cells when
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Fig. 2 | ORFlp expression is enhanced during neoplastic transformation.
A Representative images of hematoxylin and eosin (H&E) staining and ORF1p
expression (IHC) on whole-mount slides from cases of typical endometriosis (left
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panel) and atypical endometriosis (right panel). Scale bar: 500 um. B ORF1p IHC
scoring for typical endometriosis (n = 62) and C atypical endometriosis (1 = 40).

compared to DMSO-treated condition. Interestingly, when we repeated the
treatment using endometrial hEM3 and endometriotic 12Z cells, we
observed a clear decrease in LINE-1 methylation and upregulation of
ORF1p that was comparable to levels seen in the OVMANA cancer cell line
(Fig. 5A, B). Moreover, both hEM3 and 12Z cell lines display robust
amounts of ORF1p in their conditioned media after only 5 days of decita-
bine treatment (Fig. 5C), consistent with our observations in CCOC lines.
To better describe the role of DNA methylation in CCOC precursors, and
address concerns about decitabine’s pleiotropic effects™ ", we constitutively
knocked down DNMT1A protein levels in hEM3 and 12Z cells by using

shRNAs (shDNMT1A) (Fig. 5D). Interestingly, knockdown of DNMT1A
was insufficient to induce ORF1p expression in both benign cells. Compared
to OVMANA CCOC line, ORF1p was undetectable in hEM3 treated with
either control or DNMT1A shRNA, while no increase was observed in 127
cells (Fig. 5E). While this may be due to insufficient DNMT1 knockdown, it
is worth noting that while decitabine is primary used for its ability to inhibit
DNA methylation, it also causes DNA damage™. This occurs because
decitabine is incorporated into DNA during replication as a nucleoside
analog, leading to DNA strand breaks, replication stress, and activation of
the DNA damage response. Since DNA damage caused by decitabine can
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Fig. 3 | LINE-1 ORFlp is expressed and released by CCOC cell lines. A ORF1p
expression (WB) in hEM3 (endometrial cell line), 12Z (endometriotic cell line), and
a panel of clear cell ovarian carcinoma (CCOC) cell lines. B ORF1p expression
(green) by immunofluorescence in CCOC. Scale bars: 10 um. C ORF1p detection
(WB) in conditioned media from benign and CCOC cell lines. Coomassie blue was
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used as loading control. D Size distribution profile of extracellular vesicles (EV's)
characterized via nanoparticle tracking analysis. Bar plot indicates the average size
(nm) of EVs in each cell line. Data are shown as mean + SD. E ORFlp detection by
Simoa assay in conditioned media and F sEVs. Bar plots indicate the average level of
ORFlp (pg/mL) in each sample. Data are shown as mean + SD.

also lead to reactivation of certain genes”, we asked whether ORF1p would
be expression if we treated cells with a DNMT inhibitor that did not cause
DNA damage, specifically GSK3685032. GSK3685032 is a selective DNMT1
inhibitor and acts by binding to the enzyme and preventing it from adding
methyl groups to the DNA during replication*. Treatment of hEM3 and
127 cells with GSK3685032 lead to robust ORF1p expression within 4 days
with no appreciable DNA damage (Fig. 5F). Similar results were observed in
the ES-2 CCOC cell line (Supplementary Fig. 4C). Together, these results
indicate that DN A methylation is a major mechanism that regulates ORF1p
expression in benign cells and that its loss during neoplastic transformation
leads to the reexpression of LINE-1 ORF1p.

Other epigenetic alterations have also been reported to impact LINE-1
de-repression”’. Given CCOC frequently harbors mutations in the chro-
matin remodeler gene ARIDIA*, we investigated whether ARTD1A might
correlate with ORF1p expression levels by examining its status (WT vs.
mutated) in our CCOC cohort. ARIDIA mutations result in the loss
of the encoded protein, thus, its status can be assessed through
immunohistochemistry”. Our analysis revealed that among the patients

examined, 22 retained ARIDIA staining, suggesting they have the WT
ARIDIA gene, while 18 patients have no ARIDI1A staining, indicating a
mutation in the ARIDIA gene. However, no correlation between ORF1p
levels and ARIDIA status was found (Fisher’s Exact test, p = 0.74) (Sup-
plementary Fig. 5A). Similarly, there is no clear correlation with ARID1A
status in vitro. ES-2, an ARIDIA WT cell line, and JHOC-5, a cell line with
mutations in ARIDIA, have no ORFlp detectable by western blot. The
remaining cell lines, which are ARIDIA mutated, present variable ORF1p
levels (Fig. 5G). Moreover, even knockout of ARIDIA in endometrial hREM3
cells was insufficient to induce ORF1p when compared to OVMANA levels
(Fig. 5H, T).

Although p53 dysregulation is not a common molecular feature of
CCOC", the documented association between TP53 mutations and LINE-1
re-expression and increased LINE-1 retrotransposition***, prompted us to
investigate its role in this context. In our CCOC TMA, only 6 out of 40 cases
are TP53 mutated as per IHC, and those would be predicted to be ORFlp
high. Nevertheless, no ORF1p scoring differences were found between TP53
mutated and wildtype patients (Supplementary Fig. 5B, C), suggesting no
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Fig. 4 | LINE-1 ORFlp is detectable in CCOC
patient blood samples. A Circulating plasma
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correlation between TP53 mutational status and LINE-1 de-repression. In
vitro, ES-2 is the only cell line among the CCOC panel studied that carries a
TP53 mutation, but no ORF1p expression was observed by western blot
(Fig. 5)). It is important to note that the absence of mutation does not rule
out that p53 may still be functionally impaired in these cell lines. To directly
address p53 function, we treated three p53 wildtype cells (OVISE,
OVMANA, and TOV21-G) and the p53 mutated ES-2 line with zeocin, a
DNA-damaging agent. Zeocin is known to induce double-strand breaks,
thereby triggering the activation of DNA damage response pathways. Cells
with mutated or compromised p53 are unable to initiate the DNA repair
pathway in response to these insults. We found that zeocin induced the p53-
p21 repair pathway in all three wildtype cells but not in the p53 mutated line
(Fig. 5K), indicating the functional integrity of p53 in CCOC wildtype
cell lines.

Discussion
LINE-1 retrotransposon expression has been demonstrated in numerous
human malignancies and precancerous lesions, including those in the
gynecologic tract”'*"*. Our demonstration of ORF1p expression in CCOC
suggests that LINE-1 is induced in the majority (at least 82%) of CCOC. On
the contrary, benign endometrium tissue showed little to no expression in
the majority of the cases. These findings build on similar results in other
organ systems including the gastrointestinal tract and HGSOC, where
LINE-1 protein expression is seen in cancers and precursors but not in
benign parental epithelium''**’. One limitation of these studies is the
sensitivity and specificity of IHC; it remains unclear whether the weak
positivity seen in the cases and in some cycling endometrium represents
bona fide low level protein expression or background staining.

The association between endometriosis and subsequent development
of CCOC has long been recognized™*. In recent years, this link has been

strengthened by the finding of similar recurrent somatic mutations in clear
cell carcinomas®**, as well as the identification of identical mutations in
atypical endometriosis and contiguous CCOC”**’. Recent studies have also
identified carcinoma-associated mutations in benign endometriosis and
even benign endometrial tissue” ™. Consequently, CCOC is thought to
develop from progression of a subset of endometriotic lesions to atypical
endometriosis and eventual carcinoma®~>*"*, In this study, we demon-
strated for the first time that ORF1p is expressed in endometriotic precursor
lesions. ORF1p expression was found in both typical and atypical endo-
metriotic lesions by IHC, with weak expression in benign endometriosis and
increased positivity in atypical lesions, suggesting progressive acquisition of
LINE-1 expression (Fig. 2). Findings in cultured cell lines further support
this observation, as no ORF1p expression in the endometrial line hEM3 and
weak expression in the endometriotic 12Z line was detected (Fig. 3A).
Previous studies have demonstrated ORF1p expression in fallopian tube
precursors to HGSOC''*", but no such finding has been described in
precursors to CCOC. The homogeneous expression of ORFlp in endo-
metriotic lesions as well as in carcinomas further supports that LINE-1
dysregulation is an early event in the development of CCOC.

While LINE-1 is implicated as a mobile genetic element in ovarian
cancer’’™, studies have yet to conclusively established its functional role in
ovarian cancer carcinogenesis through insertional mutagenesis. In contrast,
in colorectal cancers, the adenomatous polyposis coli (APC) tumor sup-
pressor gene can be disrupted by infrequent insertion of LINE-1 elements
to drive tumorigenesis in 1-2% of cases” ™, but normal colorectal stem
cells appear to be a privileged environment tolerating somatic LINE-1
retrotransposition™. Across cancers, most LINE-1 retrotransposition
insertions occur in non-coding regions, and are likely passenger events
rather than a recurrent mediator of tumor suppressor gene loss™*"". LINE-1
may nonetheless have a key role in carcinogenesis, both serving as a marker
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Fig. 5 | ORFlp expression regulation in CCOC and precursor cells. A DNMT1A
and ORFlp expression (WB) in hEM3 and 12Z cells after decitabine treatment for
5 or 7 days. DMSO was used as control. OVMANA lysate (+) was used as positive
control for ORF1p expression. B LINE-1 methylation after decitabine treatment.

STD: Standard. Data are shown as mean + SD. C ORF1p expression in conditioned
media from hEM3 and 12Z cell lines. Coomassie blue was used as loading control.
D DNMT1A and E ORF1p expression (WB) in hREM3 and 12Z cells transduced with
lentiviral ShDNMT1A or shRNA control. Turbo-GFP (tGFP) was used as a marker
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for lentiviral integration. F LINE-1 ORF1p and pH2AX levels (WB) after treatment
with the DNA methylation inhibitor, GSK3685032, for 1, 2, or 4 days in hEM3 and
12Z cells. G ORF1p and ARID1A detection (WB) in a panel of CCOC cell lines.
H ORFlp and I ARID1A detection (WB) in hEM3 WT and KO cells. OVMANA
lysate (+) was used as positive control for ORF1p expression. ] ORF1p and p53
expression (WB) in a panel of CCOC cell lines. K pH2AX (marker for DNA damage)
and p21 detection in CCOC cell lines after zeocin treatment (200 pg/ml for 16 h).
GAPDH and Vinculin were used as loading controls. n = 3.
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of epigenetic dysregulation and perhaps as a mechanism of generation of
genome instability and altering cell signaling and the tumor micro-
environment; this remains an area of active research”*,

How LINE-1 is de-repressed in cancer cells is actively under investi-
gation. Previous studies have shown that DNA hypomethylation is asso-
ciated with LINE-1 expression in a variety of tumors, including precursors
to HGSOC'"'*'*!"7_ Consistent with this notion, treatment of benign
endometrial (hEM3) and endometriotic (12Z) cells with decitabine, a non-
specific DNMT inhibitor, led to expression of ORFlp. Surprisingly,
knockdown of DNMT1 did not mimic the effects of decitabine in these cells.
Since decitabine is a nucleoside analog of cytosine, it gets incorporated into
DNA during replication. This leads to replication stress, DNA breaks, and
activation of a DNA damage response™. Therefore, to rule out that the
effects we were seeing with decitabine were due to DNA damage induced
reexpression of ORF1p, we used another DNMT inhibitor that is specific to
DNMT!1 and does not cause DNA damage (GSK3685032)*. Treatment of
hEM3 and 12Z cells with GSK3685032 resulted in robust ORF1p expression
without DNA damage (Fig. 5F). These results indicate that DNMT1 inhi-
bition is sufficient to cause expression of ORF1p in benign epithelial cells.
However, they also suggest that our knockdown of DNMT1 was not able to
reduce DNMT1 levels sufficient to see an effect; a finding consistent with the
observation that a knockout of DNMT1 in murine cells is embryonic
lethal®.

To further investigate the mechanisms associated with LINE-1
expression control, we also evaluated if ORFlp de-repression was corre-
lated to ARIDIA mutations, a common genetic alteration in clear cell
ovarian carcinomas, and to TP53 mutations, a known LINE-1 regulator***.
Assessment of ARID1A and p53 status by immunohistochemistry of our
CCOCTMA, revealed no correlation with ORF1p expression. Furthermore,
functional studies with ARIDIA knockout lines and p53 activity, fails to
show any dependency of ORFlp expression on these proteins. Together,
these findings highlight the complex regulation underlying LINE-1
expression. Additional research is required across various genetic back-
grounds to not only elucidate the necessary factors but also to determine the
precise sequence and timing of events required for LINE-1 de-repression in
CCOC precursor cells.

We demonstrated that tumor cells expressing ORF1p also released it
into the extracellular space’®. Our analysis of conditioned media showed
this is also true for ORF1p-expressing CCOC lines. The exact mechanism by
which cancer cells release ORF1p is not clear, but our studies indicate that
SEVs are one mechanism by which ORF1p is release. Our results are con-
sistent with a recent study showing that LINE-1 mRNA and proteins are
present in plasma-derived extracellular vesicles from lung cancer
patients®"”. However, other studies have suggested that the majority of
ORF1p resides outside extracellular vesicles and is found in free protein
fractions®'. Despite some differences, these findings together establish that
ORFlp can be found in the extracellular space and support its study as a
non-invasive cancer biomarker.

Non-invasive cancer biomarkers, including blood markers, are valu-
able tools for both diagnostic and prognostic purposes. Since binary
expression of LINE-1 has been shown in several cancer types, recent efforts
have been made to study it as a non-invasive cancer biomarker. By using the
liquid biopsy approach, LINE-1 methylation levels have been measured in
circulating cell-free DNA from lung and breast cancer samples. Park et al.
study found that LINE-1 methylation showed a statistically significant
decrease in both cancers compared to healthy controls. In the lung cancer
group, the discriminating power of LINE-1 methylation showed an AUC of
0.848 (95% CI: 0.774-0.906), a sensitivity of 75%, and a specificity of 87.50%
(cut-off <89.65); while in the breast cancer group showed an AUC of 0.890
(95% CI: 0.822-0.938), a sensitivity of 78.12%, and a specificity of 82.81%
(cut-off <89.86)". Extracellular circulating LINE-1 mRNA in plasma has
also been assessed for discriminating among healthy and colorectal cancer
patients. In this pilot study by Filipenko et al., LINE-1 mRNA levels were
found to be higher in colorectal cancer patients than in healthy controls
(N=10)"". Given the low LINE-1 ORF1p concentration in blood, the use of

standard clinical laboratory techniques for the detection of LINE-1-encoded
protein has been more challenging. Recently, we developed immuno-
multiple reaction monitoring-mass spectrometry (iIMRM-MS) assays to
confidently detect extracellular ORF1p in ascites and plasma samples from
HGSOC patients. Although we observed a trend for higher ORFlp con-
centration in cancer patients, the fold change between control and patients
did not reach statistical significance (72 cases vs. 37 controls)**”. To over-
come sensitivity issues, we developed a series of single molecule ELISA-like
immunoassays using single molecule array (Simoa) and flow cytometry
(MOSAIC) platforms that improve both sensitivity and specificity of
detection as compared to prior other techniques, affording up to low-
attomolar-range limits of detection (LOD) for endogenous ORF1p***. In
the present study, we applied the ultrasensitive Simoa approach to assess
ORFlplevels in CCOC patients’ plasma (n = 5) and serum (n = 16) samples.
The two Capture:Detection reagent pairs used for the assay were able to
detect ORFlp in the patients tested, including samples from early stages.
The assessment of these binding pairs underscored the assay’s consistent
performance and reproducibility when applied to various biofluids.
Although the study did not explicitly compare the performance metrics in
serum versus plasma, preliminary data suggest that both matrices enable
ORF1p quantification, and the choice depends only on sample availability.
Comparative analysis revealed that the 62H12:Ab6 pair achieved higher
clinical sensitivity, albeit with compromised specificity, whereas the
34H7:Nb5-5LL pair maintained enhanced specificity with a modest
decrease in sensitivity. To maximize diagnostic accuracy and clinical utility,
the concurrent application of both assays was recommended, leveraging
their complementary sensitivities and specificities. While these approaches
need larger cohorts, the biological foundation is well established, and
together, our findings support LINE-1 ORF1p further validation as a non-
invasive biomarker for CCOC.

Methods

Tissue specimens

After institutional review board approval (IRB 702679, The University of
Pennsylvania Institutional Review Board, IRB #07), we obtained sections of
formalin-fixed, paraffin-embedded (FFPE) human tissue samples to eval-
uate the expression of ORF1p. Archived tissue samples were drawn from the
Departments of Pathology at the Hospital of the University of Pennsylvania
(Philadelphia, PA) and the Brigham and Women’s Hospital (Boston, MA),
and were originally procured as routine diagnostic surgical specimens.
Hematoxylin and eosin (H&E) slides for each case were reviewed by four
pathologists (MD, KMD, LES, C P-H) to confirm the presence of cancer or
endometriosis. All patients gave written informed consent, and samples
were encoded to protect their confidentiality. Our studies have complied
with all relevant ethical regulations including the Declaration of Helsinki.

Blood specimens

Plasma samples used in this study were obtained from the repository of The
University of Pennsylvania Ovarian Cancer Research Center, OCRC Tumor
BioTrust Collection (IRB 702679, The University of Pennsylvania Institu-
tional Review Board, IRB #07), Research Resource Identifier (RRID):
SCR_022387. Serum samples were prospectively collected from women
undergoing gynecologic surgery at the University of Chicago Medical
Center (U of Chicago IRB 13372B, IRB00000331 #1A BSD/UCMC IRB,
IRB00000735 #1B BSD/UCMC IRB, and IRB00002169 #1C BSD/UCMC
IRB). All protocols for blood and clinical data collection were approved by
the corresponding Institutional Review Board, and all subjects gave written
informed consent. Our studies have complied with all relevant ethical reg-
ulations including the Declaration of Helsinki.

TMA construction

A tissue microarray (TMA) of 40 cases of CCOC was assembled using the
TMA Master platform at the Brigham and Women’s Hospital TMA Core
facility (Boston, MA). Cases were identified by review of all pathology
reports between January 2000, and June 2017, in the Hospital of the
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University of Pennsylvania database that included a diagnosis of “clear cell
carcinoma” involving the ovary. A representative FFPE tissue block was
chosen for each patient sample based on review of H&E-stained slides by
two pathologists (KMD, LES). Three 1.0 mm cores of tumor from each
FFPE tissue block were utilized in TMA construction. Benign tissue from
ovary, fallopian tube, liver, and kidney (#n = 5), and cancer tissue from high-
grade serous carcinoma, invasive ductal breast carcinoma, endometrial
endometrioid carcinoma, and mesothelioma (n = 13) was used as controls
(2 cores per case).

Immunohistochemistry

Immunohistochemical staining (THC) was performed using Envision Plus/
Horseradish Peroxidase system (DAKO). FFPE tissue sections from either
constructed TMA (CCOC cases) or whole tissue blocks (endometriosis)
were de-paraffinized, rehydrated, and incubated in hydrogen peroxide
solution for 15min to block endogenous peroxidase activity. Antigen
retrieval was carried out at 122 °C and 15-20 PSI with a pressure cooker in
citrate buffer (pH 6.0) for ~40 min. Sections were incubated with primary
antibody for 40 min at RT. The secondary antibody was incubated for
30 min at RT, followed by 3,3’-Diaminobenzidine (DAB) for 5 min. All
H&E and IHC images were captured with the Panoramic MIDI II (Epredia)
digital slide scanner. See antibody details in Supplementary Table 1.

LINE-1 ORF1p immunohistochemistry scoring

A monoclonal anti-ORF1p antibody (clone 4H1) was utilized to investigate
ORFlp expression. ORFlp staining was reviewed and scored by five ana-
tomic pathologists (KMD, MD, CPH, LES, and RD), using the following
4-tiered scale: No expression (all cells negative), Weak (weak cytoplasmic
positivity), Intermediate (moderate intensity cytoplasmic staining), or
Strong (strong, diffuse cytoplasmic staining). Further, we dichotomized No
expression and Weak as “ORF1p negative”, and Intermediate and Strong
were categorized as “ORF1p positive”. Since all cases were reviewed prior to
IHC, the scoring pathologists were unblinded to the diagnosis and focused
on scoring ORF1p staining. Representative images of ORF1p IHC scoring
scale are shown in Fig. 1A.

Cell lines

TOV2IG, ES-2, OVTOKO, and OVMANA cell lines were obtained from
the American Tissue Type Collection (Manassas, VA) and as a gift from
Dr. Gottfried Konecny (ULCA, Los Angeles, CA). JHOC-5, JHOC-7, and
JHOC-9 were purchased from RIKEN BioResource Center (Tsukuba,
Ibaraki, Japan). OVISE was a gift from Dr. David Huntsman (The Uni-
versity of British Columbia, Vancouver, BC). EEC12Z (12Z) cell line was
generously provided by Dr. Rugang Zhang (MD Anderson Cancer Center)
and hEM3 cells by Dr. Tian-Li Wang (Johns Hopkins University). All cells
were incubated at 37 °C with 5% CO, and periodically tested to be free of
Mycoplasma using the Cambrex MycoAlert assay (University of Pennsyl-
vania Perelman School of Medicine Cell Center). Culture growth media can
be found in Supplementary Table 2. All cell lines were authenticated using
Short Tandem Repeat (STR) profiling (IDEXX, Columbus, MO).

LINE-1 ORF1p immunofluorescence

Cells were grown overnight on glass coverslips. Cells were fixed with 4%
paraformaldehyde in 1X PBS for 20 min at RT. Permeabilization and
blocking were done using 3% BSA, goat serum in 1X PBS for 1 h at RT.
Primary anti-ORF1p antibody was incubated overnight at 4 °C. The sec-
ondary antibody conjugated to Alexa Fluor 488 Dyes (Molecular Probes;
Thermo Fisher Scientific), Hoechst (1:10,000), and Alexa Fluor 633 Phal-
loidin were incubated for 30 min at RT. Finally, cells were analyzed by
microscopy using a Zeiss LSM 880 confocal microscope. See antibody
details in Supplementary Table 1.

Protein lysates and western blot
Whole-cell lysates were prepared using RIPA buffer (Thermo Fisher Sci-
entific) and protein content of lysate was quantified using the Pierce BCA kit

(Thermo Fisher Scientific). 20-30 pg of proteins were separated by SDS-
PAGE before being transferred to a PVDF membrane using the Trans-Blot
Turbo system (Bio-Rad). Membranes were incubated with primary anti-
body overnight at 4 °C. After washing, membranes were incubated with
HRP-conjugated secondary antibody for 1 h at RT. Proteins were detected
using SuperSignal™ West Substrates (Thermo Fisher Scientific) and
visualized with a Chemi-Doc imaging system (Bio-Rad). See antibody
details in Supplementary Table 1. All experiments were performed in bio-
logical triplicates. All uncropped western blot membranes are provided in
Supplementary Figs. 6 and 7.

Decitabine treatment

Cells were grown to 40% confluence. Then, 5 pM of Decitabine (TOCRIS)
was added to the culture media, and cells were treated for 5 or 7 days.
The same amount of DMSO was used as control. After treatment, cells were
collected by trypsinization, and protein lysates and western blots were
performed as described above. All experiments were performed in biological
triplicates.

GSK3685032 treatment

Cells were grown to 70% confluence. Then, 100 nM, 500 nM, 1 uM, or 5 uM
of GSK3685032 (Selleckchem) was added to the culture media, and cells
were treated for 1,2, or 4 days. The same amount of PBS was used as control.
After treatment, cells were collected by trypsinization, and protein lysates
and western blots were performed as described above.

Zeocin treatment

Cells were grown to 70-80% confluence. Then, 200 ug/mL of Zeocin
(Gibco) was added to the culture media and kept for 16 h. The same
amount of DMSO was used as control. After treatment, cells were col-
lected by trypsinization, and protein lysates and western blots were
performed as described above. All experiments were performed in bio-
logical triplicates.

Lentiviral shRNA

50,000 cells were seeded in 12-well plates. The next day, two short hairpin
RNAs (shRNAs) against DNMT1A (n#1 Clone ID: V3SVHSO01_7264142,
n#2 Clone ID: V3SVHS01_8614601, Horizon Discovery) were inoculated
independently (MOI, Multiplicity of Infection 8) into wells and kept over-
night. A non-targeting shRNA (VSC10237, Horizon Discovery) was used as
control condition. For each shRNA, two wells were used. After 48h,
antibiotic-based selection was performed for 7 days, and cells were allowed
to grow for knockdown efficiency testing.

LINE-1 methylation assay

LINE-1 methylation was assessed using the Global DNA Methylation -
LINE-1 Kit (Active Motif) following the manufacturer’s recommendations.
Briefly, one pg of genomic DNA (gDNA) was digested with Msel enzyme
(10 U/uL) overnight at 37 °C. Then, 100 ng of digested gDNA was hybri-
dized with LINE-1 probe in a thermal cycler. PCR samples were transferred
to a streptavidin-coated plate and incubated for 1h at RT. Next, the
5-methylcytosine monoclonal antibody (1:100 dilution) was incubated for
1 h at RT followed by an HRP-conjugated secondary antibody 1 h incu-
bation. Developing solution was incubated for 3 min until Stop solution
addition. Finally, the plate was read at 450 nm. Methylated and non-
methylated DNA standard samples were processed in parallel. All reactions
were prepared in technical duplicates.

Conditioned cell culture media

Cells were grown to 80% confluence. Then, cells were rinsed twice with 1X
PBS and cultured for 72 h with phenol-free media without FBS. Condi-
tioned cell culture medium was cleared by one centrifugation step at 300 x g
for 10 min followed by 2000 x g for 30 min to remove dead cells and cell
debris. Supernatant proteins were concentrated using a Millipore Amicon
Ultra-15 centrifugal filter 10K (Millipore Sigma). Protein content was
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quantified using the Pierce BCA kit (Thermo Fisher Scientific) and western
blots were performed as described above.

Small extracellular vesicle isolation from conditioned cell
culture media

Extracellular vesicles (EVs) were isolated using size exclusion chromato-
graphy (SEC). An optimized protocol developed to enrich small EVs
(50-250 nm) was followed using IZON qEV1 70 nm column and automatic
fraction collector (AFC). Cell lines were grown in EV-depleted FBS media to
collect conditioned media as described above. 30 mL conditioned media was
concentrated to 1 mL. Then the concentrated conditioned media was cen-
trifuged at 10,000 x g to remove large vesicles and run through the SEC
column using AFC according to manufacturer recommendation (IZON).
Once the 1 mL samples were absorbed in the column, 13 mL 1X PBS was
added to the column and eluted volumes were collected. An initial 4 mL of
elution volume (buffer volume) was discarded. Then, 5 fractions (F1-F5,
700 pl each) were collected and pooled. These fractions are designated as a
purified collection volume which are enriched with small EVs. Pooled
fractions (3.5 mL) were further concentrated to around 100-200 pL using a
10 KMWCO Amicon filter (3000 x g, 25 min, 4 °C). EVs were characterized
for protein content and particle count using Bradford assay and nano-
particle tracking analysis (NTA). EVs were stored at —80°C until
further use.

Transmission electron microscopy (TEM)

Morphology of isolated EVs was analyzed using TEM. Briefly, freshly
thawed 5 pL of EVs were mixed with 20 uL of filtered 1X PBS. Glow-
discharge-treated and carbon-film-coated 300-mesh copper grids were
floated in 20 pL of diluted EV's solution for 20 min. Following incubation,
grids were washed in six successive water droplets and stained in a droplet of
1% uranyl acetate for 5s. Grids were dried for 15 min, and images were
taken using JEOL JEM-1400 TEM.

Capillary-based western blot

Expression of EV marker protein CD9 and CD81 was analyzed using
capillary-based Simple Western assay (Wes, ProteinSimple). EVs at
0.1-0.2 mg/mL concentrations were used for the assay. The 12-230 kDa
Separation module with capillary cartridge (ProteinSimple #SM-W004) was
used for the separation of proteins and immunodetection, which takes place
in a fully automated capillary system. A secondary anti-rabbit module was
used for detection following the manufacturer’s protocol. A rabbit mono-
clonal CD9 (Cell signaling #13174S) and CD81 (Cell signaling #56039S)
detection antibodies were used in a 1:50 dilution ratio. Blot images were
taken using Compass software version 6.0.0. (ProteinSimple) using High
Dynamic Range 4.0 and contrast was manually adjusted for each sample. 1X
PBS control was used for each detection antibody as a negative control for
non-specific signals.

Simoa assays

Paramagnetic beads, conjugation and assay buffers and reagents, and Simoa
consumables were obtained from Quanterix Corporation. Antibodies used
in the first- and second-generation Simoa assays were obtained from Abcam
(Ab6, EPR22227-6) and GenScript (34H7, 62H12). Nanobody reagents
were generated as previously described”. All affinity reagents were buffer
exchanged into PBS if not already obtained in PBS. For capture bead pre-
paration, carboxylated paramagnetic 2.7-pm beads (Homebrew Singleplex
Beads, Quanterix Corp.) were washed with 400 uL Bead Wash Buffer
(Quanterix Corp.) three times, and cold Bead Conjugation Buffer (Quan-
terix Corp.) two times. The beads were resuspended in 390 pL cold Bead
Conjugation Buffer, to which 10 L of 10 mg/mL 1-ethyl-3-(3-dimethyla-
minopropyl) carbodiimide hydrochloride (Thermo Fisher Scientific),
freshly dissolved in cold Bead Conjugation Buffer, was added. After shaking
at 4°C for 30 min, the beads were washed once with 400 uL cold Bead
Conjugation Buffer before resuspending in the capture affinity reagent
solution, diluted in Bead Conjugation Buffer to a final volume of 400 pL.

The beads were shaken for two hours at 4 °C for affinity reagent conjugation
before being washed twice with 400 uL Bead Wash Buffer and blocked in
400 pL Bead Blocking Buffer (Quanterix Corp.) at room temperature for
30 min. Following the blocking step, the beads were washed sequentially
with 400 uL Bead Wash Buffer and Bead Diluent (Quanterix Corp.), before
being resuspended in Bead Diluent for storage at 4 °C. A Beckman Counter
Z Series Particle Counter was used to count the beads. First-generation
Simoa assays used 7 x 10° starting beads, 400 uL wash volumes, 10 uL. EDC,
and 10 g nanobody. Second-generation Simoa assays used 4.2 x 10° starting
beads, 300 pL wash volumes, 6 pL EDC, and 40 pg antibody. For biotiny-
lation of detector reagents, freshly dissolved sulfo-NHS-LC-LC-biotin was
added to a 1 mg/mL solution of antibody or nanobody at an 80-fold molar
excess. After incubation of the biotinylation reaction at room temperature
for 30 min, the reaction was purified with an Amicon Ultra-0.5 mL cen-
trifugal filter (50 K MWCO cutoff for antibody in the first-generation assay;
10 K MWCO for dimeric nanobody in the second-generation assay). Five
wash cycles with 1x PBS were carried out at 14,000 x g for five minutes,
followed by collection of the purified biotinylated detector reagent via
inversion of the filter into a new tube and centrifuging at 1000 x g for two
minutes.

Simoa assays were run on an HD-X Analyzer (Quanterix Corp), fol-
lowing manufacturer instructions for assay reagent loading. Each assay
utilized 250,000 capture beads and 250,000 helper (non-conjugated) beads
in a three-step assay configuration (15-min target capture from 100 pL
sample, 5-minute detector reagent incubation, 5-minute streptavidin-S-
galactosidase incubation). All plasma samples were diluted four-fold in
Homebrew Sample Diluent (Quanterix Corp.) with added 1x Halt Protease
Inhibitor Cocktail (Thermo Fisher Scientific). The second-generation
Simoa assays contained an additional 1% Triton-X 100 in the Sample
Diluent. Concentrations of 0.3 pg/mL detector reagent were used for all
assays, and 150 pM and 300 pM streptavidin-f3-galactosidase were used for
the first- and second-generation Simoa assays, respectively. Wash steps
between each step were performed with System Wash Buffer 1 (Quanterix
Corp). After the final wash, beads were loaded along with the fluorogenic
enzyme substrate resorufin $-D-galactopyranoside into a 216,000-micro-
well array. The wells were then sealed with oil, and imaging and counting of
“on” and “off” wells were performed by the instrument. The average enzyme
per bead (AEB) for each sample was also calculated by the instrument.
Calibration curves were fit using a 4PL fit with a 1/y* weighting factor. The
assay limit of detection (LOD) was calculated as three standard deviations
above the blank.

Data availability
All data generated or analyzed during this study are included in this pub-
lished article [and its supplementary information files].

Received: 14 June 2024; Accepted: 24 February 2025;
Published online: 06 March 2025

References

1. Scott, E. C. &Devine, S. E. The Role of Somatic L1 Retrotransposition
in Human Cancers. Viruses 9, https://doi.org/10.3390/v9060131
(2017).

2. Kazazian, H. H. Jr & Moran, J. V. Mobile DNA in Health and Disease.
N. Engl. J. Med. 377, 361-370 (2017).

3. Mendez-Dorantes, C. & Burns, K. H. LINE-1 retrotransposition and its
deregulation in cancers: implications for therapeutic opportunities.
Genes Dev. 37, 948-967 (2023).

4. Lander, E. S. et al. Initial sequencing and analysis of the human
genome. Nature 409, 860-921 (2001).

5. Ostertag, E. M. & Kazazian, H. H. Jr Biology of mammalian L1
retrotransposons. Annu. Rev. Genet 35, 501-538 (2001).

6. Ardeljan, D., Taylor, M. S., Ting, D. T. & Burns, K. H. The Human Long
Interspersed Element-1 Retrotransposon: An Emerging Biomarker of
Neoplasia. Clin. Chem. 63, 816-822 (2017).

npj Precision Oncology | (2025)9:62

10


https://doi.org/10.3390/v9060131
https://doi.org/10.3390/v9060131
www.nature.com/npjprecisiononcology

https://doi.org/10.1038/s41698-025-00849-1

Article

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Belancio, V. P., Roy-Engel, A. M., Pochampally, R. R. & Deininger, P.
Somatic expression of LINE-1 elements in human tissues. Nucleic
Acids Res. 38, 3909-3922 (2010).

Liu, N. et al. Selective silencing of euchromatic L1s revealed by
genome-wide screens for L1 regulators. Nature 5563, 228-232 (2018).
Taylor, M. S. et al. Affinity proteomics reveals human host factors
implicated in discrete stages of LINE-1 retrotransposition. Cell 155,
1034-1048 (2013).

Pattamadilok, J. et al. LINE-1 hypomethylation level as a potential
prognostic factor for epithelial ovarian cancer. Int. J. Gynecol. Cancer
18, 711-717 (2008).

Pisanic, T. R. 2nd et al. Long Interspersed Nuclear Element 1
Retrotransposons Become Deregulated during the Development of
Ovarian Cancer Precursor Lesions. Am. J. Pathol. 189, 513-520 (2019).
Akers, S. N. et al. LINE1 and Alu repetitive element DNA methylationin
tumors and white blood cells from epithelial ovarian cancer patients.
Gynecol. Oncol. 132, 462-467 (2014).

Sato, S. et al. LINE-1 ORF1p as a candidate biomarker in high grade
serous ovarian carcinoma. Sci. Rep. 13, 1537 (2023).

Rodi¢, N. et al. Long interspersed element-1 protein expression is a
hallmark of many human cancers. Am. J. Pathol. 184, 1280-1286
(2014).

Xia, Z. et al. Expression of L1 retrotransposon open reading frame
protein 1 in gynecologic cancers. Hum. Pathol. 92, 39-47 (2019).
Cho, N.-Y. et al. Hypermethylation of CpG island loci and
hypomethylation of LINE-1 and Alu repeats in prostate
adenocarcinoma and their relationship to clinicopathological
features. J. Pathol. 211, 269-277 (2007).

van Hoesel, A. Q. et al. Hypomethylation of LINE-1 in primary tumor
has poor prognosis in young breast cancer patients: a retrospective
cohort study. Breast Cancer Res Treat. 134, 1103-1114 (2012).
Kurman, R. J., Carcangiu, M. L. & Young, R. H., Simon Herrington C
WHO Classification of Tumours of Female Reproductive Organs. Int.
Agency Res. Cancer, https://play.google.com/store/books/details?
id=4Tw8ngEACAAJ (2014).

Sugiyama, T., et al. Clinical characteristics of clear cell carcinoma of
the ovary: a distinct histologic type with poor prognosis and
resistance to platinum-based chemotherapy. Cancer 88, 2584-2589
(2000).

Pearce, C. L. et al. Association between endometriosis and risk of
histological subtypes of ovarian cancer: a pooled analysis of case-
control studies. Lancet Oncol. 13, 385-394 (2012).

Wiegand, K. C. et al. ARID1A mutations in endometriosis-associated
ovarian carcinomas. N. Engl. J. Med. 363, 1532-1543 (2010).
Maeda, D. & Shih, |.-M. Pathogenesis and the role of ARID1A mutation
in endometriosis-related ovarian neoplasms. Adv. Anat. Pathol. 20,
45-52 (2013).

Yamamoto, S. et al. PIK3CA mutation is an early event in the
development of endometriosis-associated ovarian clear cell
adenocarcinoma. J. Pathol. 225, 189-194 (2011).

Mackay, H. J. et al. Prognostic relevance of uncommon ovarian
histology in women with stage Ill/IV epithelial ovarian cancer. Int J.
Gynecol. Cancer 20, 945-952 (2010).

Gadducci, A. et al. Clear cell carcinoma of the ovary: Epidemiology,
pathological and biological features, treatment options and clinical
outcomes. Gynecol. Oncol. 162, 741-750 (2021).

Taylor, M. S., et al. Ultrasensitive detection of circulating LINE-1
ORF1p as a specific multi-cancer biomarker. Cancer Discov. https://
doi.org/10.1158/2159-8290.CD-23-0313 (2023).

Anglesio, M. S. et al. Multifocal endometriotic lesions associated with
cancer are clonal and carry a high mutation burden. J. Pathol. 236,
201-209, (2015).

Munksgaard, P. S. & Blaakaer, J. The association between
endometriosis and ovarian cancer: a review of histological, genetic
and molecular alterations. Gynecol. Oncol. 124, 164-169 (2012).

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

Wei, J.-d., William, J. & Bulun, S. Endometriosis and ovarian cancer: a
review of clinical, pathologic, and molecular aspects. Int. J. Gynecol.
Pathol. 30, 553-568 (2011).

Park, Y. et al. A novel human endometrial epithelial cell line for
modeling gynecological diseases and for drug screening. Lab. Invest.
101, 1505-1512 (2021).

Zeitvogel, A., Baumann, R. & Starzinski-Powitz, A. Identification
of an invasive, N-cadherin-expressing epithelial cell type in
endometriosis using a new cell culture model. Am. J. Pathol. 159,
1839-1852 (2001).

Cohen, L. et al. Single Molecule Protein Detection with Attomolar
Sensitivity Using Droplet Digital Enzyme-Linked Immunosorbent
Assay. ACS Nano 14, 9491-9501 (2020).

Lanciano, S. et al. Locus-level L1 DNA methylation profiling reveals
the epigenetic and transcriptional interplay between L1s and their
integration sites. Cell Genom. 4, 100498 (2024).

Stresemann, C. & Lyko, F. Modes of action of the DNA
methyltransferase inhibitors azacytidine and decitabine. Int. J. Cancer
123, 8-13 (2008).

Zheng, Z. et al. 5-Aza-2’-deoxycytidine reactivates gene expression
via degradation of pRb pocket proteins. FASEB J. 26, 449-459 (2012).
Du, F., Jin, T. & Wang, L. Mechanism of Action of Decitabine in the
Treatment of Acute Myeloid Leukemia by Regulating LINC00599.
Anal. Cell Pathol. 2023, 2951519 (2023).

Nguyen, C. T., etal. Histone H3-lysine 9 methylation is associated with
aberrant gene silencing in cancer cells and is rapidly reversed by
5-aza-2’-deoxycytidine. Cancer Res. 62, 6456-6461 (2002).
Pappalardi, M. B. et al. Discovery of a first-in-class reversible DNMT1-
selective inhibitor with improved tolerability and efficacy in acute
myeloid leukemia. Nat. Cancer 2, 1002-1017 (2021).

Si, J. et al. Chromatin remodeling is required for gene reactivation
after decitabine-mediated DNA hypomethylation. Cancer Res. 70,
6968-6977 (2010).

Burns, K. H. Transposable elements in cancer. Nat. Rev. Cancer 17,
415-424 (2017).

Maeda, D. et al. Clinicopathological significance of loss of ARID1A
immunoreactivity in ovarian clear cell carcinoma. Int. J. Mol. Sci. 11,
5120-5128 (2010).

Ho, E. S. et al. p53 mutation is infrequent in clear cell carcinoma of
the ovary. Gynecol. Oncol. 80, 189-193 (2001).

Tiwari, B. et al. p53 directly represses human LINE1 transposons.
Genes Dev. 34, 1439-1451 (2020).

McKerrow, W., et al. LINE-1 expression in cancer correlates with p53
mutation, copy number alteration, and S phase checkpoint. Proc. Nat/
Acad. Sci. USA 119, https://doi.org/10.1073/pnas.2115999119
(2022).

LaGrenade, A. & Silverberg, S. G. Ovarian tumors associated with
atypical endometriosis. Hum. Pathol. 19, 1080-1084 (1988).

Wepy, C., Nucci, M. R. & Parra-Herran, C. Atypical Endometriosis:
Comprehensive Characterization of Clinicopathologic,
Immunohistochemical, and Molecular Features. Int. J. Gynecol.
Pathol. 43, 70-77 (2024).

Li, X. et al. Whole-exome sequencing of endometriosis identifies
frequent alterations in genes involved in cell adhesion and chromatin-
remodeling complexes. Hum. Mol. Genet 23, 6008-6021 (2014).
Anglesio, M. S. et al. Cancer-Associated Mutations in Endometriosis
without Cancer. N. Engl. J. Med. 376, 1835-1848 (2017).

Suda, K. et al. Clonal Expansion and Diversification of Cancer-
Associated Mutations in Endometriosis and Normal Endometrium.
Cell Rep. 24, 1777-1789 (2018).

Tang, Z. et al. Human transposon insertion profiling: Analysis,
visualization and identification of somatic LINE-1 insertions in ovarian
cancer. Proc. Natl Acad. Sci. USA 114, E733-E740 (2017).

Nguyen, T. H. M. et al. L1 Retrotransposon Heterogeneity in Ovarian
Tumor Cell Evolution. Cell Rep. 23, 3730-3740 (2018).

npj Precision Oncology | (2025)9:62

11


https://play.google.com/store/books/details?id=4Tw8ngEACAAJ
https://play.google.com/store/books/details?id=4Tw8ngEACAAJ
https://play.google.com/store/books/details?id=4Tw8ngEACAAJ
https://doi.org/10.1158/2159-8290.CD-23-0313
https://doi.org/10.1158/2159-8290.CD-23-0313
https://doi.org/10.1158/2159-8290.CD-23-0313
https://doi.org/10.1073/pnas.2115999119
https://doi.org/10.1073/pnas.2115999119
www.nature.com/npjprecisiononcology

https://doi.org/10.1038/s41698-025-00849-1

Article

52. Xia, Z. et al. LINE-1 retrotransposon-mediated DNA transductions in
endometriosis associated ovarian cancers. Gynecol. Oncol. 147,
642-647 (2017).

53. Miki, Y., et al. Disruption of the APC gene by a retrotransposal
insertion of L1 sequence in a colon cancer. Cancer Res. 52, 643-645
(1992).

54. Scott, E. C. etal. Ahot L1 retrotransposon evades somatic repression
and initiates human colorectal cancer. Genome Res. 26, 745-755
(2016).

55. Cajuso, T. et al. Retrotransposon insertions can initiate colorectal
cancer and are associated with poor survival. Nat. Commun. 10, 4022
(2019).

56. Nam, C. H. et al. Widespread somatic L1 retrotransposition in normal
colorectal epithelium. Nature 617, 540-547 (2023).

57. Tubio, J. M. C. et al. Mobile DNA in cancer. Extensive transduction of
nonrepetitive DNA mediated by L1 retrotransposition in cancer
genomes. Science 345, 1251343 (2014).

58. Pitkénen, E. et al. Frequent L1 retrotranspositions originating from
TTC28 in colorectal cancer. Oncotarget 5, 853-859 (2014).

59. Rodriguez-Martin, B. et al. Pan-cancer analysis of whole genomes
identifies driver rearrangements promoted by LINE-1
retrotransposition. Nat. Genet 52, 306-319 (2020).

60. Li, E., Bestor, T. H. & Jaenisch, R. Targeted mutation of the DNA
methyltransferase gene results in embryonic lethality. Cell 69,
915-926 (1992).

61. Bowers, E. C., Motta, A., Knox, K., McKay, B. S., Ramos, K. S. LINE-1
Cargo and Reverse Transcriptase Activity Profiles in Extracellular
Vesicles from Lung Cancer Cells and Human Plasma. Int. J. Mol. Sci.
23, https://doi.org/10.3390/ijms23073461 (2022).

62. Bowers, E. C. et al. Long Interspersed Nuclear Element-1 Analytes in
Extracellular Vesicles as Tools for Molecular Diagnostics of Non-
Small Cell Lung Cancer. Int. J. Mol. Sci. 25, https://doi.org/10.3390/
ijms25021169 (2024).

63. Park, M.-K,, Lee, J.-C., Lee, J.-W. & Hwang, S.-J. Alu cell-free DNA
concentration, Alu index, and LINE-1 hypomethylation as a cancer
predictor. Clin. Biochem. 94, 67-73 (2021).

64. Filipenko, M. L. et al. The Level of LINE-1 mRNA Is Increased in
Extracellular Circulating Plasma RNA in Patients with Colorectal
Cancer. Bull. Exp. Biol. Med. 173, 261-264 (2022).

Acknowledgements

We would like to thank members of the Drapkin laboratory for fruitful
discussions, Mei Zheng (Department of Pathology, Brigham and Women'’s
Hospital, Boston MA United States) for performing immunohistochemistry,
and Dr. David Huntsman (The University of British Columbia, Vancouver,
BC), Dr. Rugang Zhang (MD Anderson Cancer Center), and Dr. Tian-Li Wang
(Johns Hopkins University) for their generous provision of cell lines used in
this study. This work was supported by the Mentored Investigator Grant
Program from the Ovarian Cancer Research Alliance (891470 to P.R.d.S.),
NCI SPORE in ovarian cancer P50 CA228991 (E.J., D.K.O., T-LW., I-M.S.,
R.D.), Department of Defense W81XWH-22-1-0852 (R.D.), the Honorable
Tina Brozman Foundation for Ovarian Cancer Research (R.D., A.K.G.), the
Dr. Miriam and Sheldon G. Adelson Medical Research Foundation (R.D.), the
Gray Foundation (R.D.), the Claneil Foundation (R.D.), the Carl H. Goldsmith
Ovarian Cancer Translational Research Fund (R.D.), the Monica K. Young
Foundation (R.D.), the Helene Ross Bogutz Fund for Ovarian Cancer Early
Detection (R.D.), the Marjorie S. Stanek and Lowell H. Dubrow Ovarian
Cancer Research Center Endowed Fund (R.D.), the Basser Center for BRCA
(R.D.), and the Mike and Patti Hennessy Foundation (R.D.). This study was
also supported in part by a grant from NIH’s National Cancer Institute

(RO1 CA260132 to A.K.G.), and the Kansas Institute for Precision Medicine

(GM130423 to A.K.G.). A.K.G. is the Chancellors Distinguished Chair in
Biomedical Sciences endowed Professor. We would like to acknowledge
the Kansas University Medical Center Integrative Imaging Core for technical
assistance with TEM. The core is supported by Kansas Intellectual and
Developmental Disability Research Center (NIH U54 HD090216). The
funders played no role in study design, data collection, analysis, and
interpretation of data, or the writing of this manuscript.

Author contributions

P.R.d.S., S.S. and R.D. conceived the project and the experimental plan.
P.R.dS.,S.S.,SJ.Z,M.CD.,KMD,SR.,GM,HSR,Y.F,CW.,MS.T,
Y.Z. carried out experiments and analyzed the results. S.J.Z., CW., M.S.T,
K.H.B., D.R.W. developed, performed, and analyzed the Simoa experiments.
S.R. and A.K.G. performed extracellular vesicles experiments and provided
related expertise. M.C.D., KM.D., C.P.H,, TLW.,, IM.S,, LE.S,, SK,,
M.A.M., J.L.T. and R.D. provided tissues and pathology expertise. E.J.,
D.K.O.,A.J.B. and E.L. provided blood samples and clinical data. All authors
helped draft, review and approved the manuscript. R.D. served as overall
study supervisor.

Competing interests

D.R.W. has a financial interest in Quanterix Corporation, a company that
develops an ultra-sensitive digital immunoassay platform. He is an inventor
of the Simoa technology, a founder of the company, and also serves on its
Board of Directors. D.R.W.’s interests were reviewed and are managed by
Brigham and Women’s Hospital and Partners Healthcare in accordance with
their conflict of interest policies. A.K.G. is a co-founder of Sinochips Diag-
nostics, serves as a scientific advisory board member to Biovica, Clara
Biotech, EXOKERYX, VITRAC Therapeutics, and Sinochips Diagnostics, and
receives research funding from Predicine and VITRAC Therapeutics. R.D.
serves on the scientific advisory board of Repare Therapeutics. All other
authors declare no financial or non-financial competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41698-025-00849-1.

Correspondence and requests for materials should be addressed to
Ronny Drapkin.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

npj Precision Oncology | (2025)9:62

12


https://doi.org/10.3390/ijms23073461
https://doi.org/10.3390/ijms23073461
https://doi.org/10.3390/ijms25021169
https://doi.org/10.3390/ijms25021169
https://doi.org/10.3390/ijms25021169
https://doi.org/10.1038/s41698-025-00849-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
www.nature.com/npjprecisiononcology

	LINE-1 ORF1p expression occurs in clear cell ovarian carcinoma precursors and is a candidate blood biomarker
	Results
	LINE-1 is de-repressed in clear cell ovarian carcinomas
	ORF1p expression is enhanced during neoplastic transformation
	LINE-1 ORF1p is expressed and released by CCOC cell lines
	LINE-1 ORF1p is detectable in CCOC patient blood samples
	ORF1p regulation in CCOC and precursor cells

	Discussion
	Methods
	Tissue specimens
	Blood specimens
	TMA construction
	Immunohistochemistry
	LINE-1 ORF1p immunohistochemistry scoring
	Cell lines
	LINE-1 ORF1p immunofluorescence
	Protein lysates and western blot
	Decitabine treatment
	GSK3685032 treatment
	Zeocin treatment
	Lentiviral shRNA
	LINE-1 methylation assay
	Conditioned cell culture media
	Small extracellular vesicle isolation from conditioned cell culture media
	Transmission electron microscopy (TEM)
	Capillary-based western blot
	Simoa assays

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




