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ABSTRACT

Retrotransposons are genomic DNA sequences that are capable of copying
themselves to new genomic locations via RNA intermediates; LINE-1 is the only
retrotransposon that remains autonomous and active in the human genome. The
mobility of LINE-1 is largely repressed in somatic tissues, but LINE-1 is active in many
cancers. Recent studies using LINE-1 constructs indicate that host cells activate a DNA
damage response (DDR) to repair retrotransposition intermediates and resolve conflicts
between LINE-1 and DNA replication. Using multi-omic data from the CPTAC project,
we found correlations between LINE-1 expression and ATM-MRN-SMC DDR signalling
in endometrial cancer and between LINE-1 and the ATR-CHEK1 pathway in p53 wild

type breast cancer. This provides evidence that conflicts between LINE-1 and DNA
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replication occur in at least some human cancers. Furthermore, LINE-1 expression in
these cancers is correlated with the total amount of copy number variation genome
wide, indicating that, when active in cancer, pointing to a direct impact of LINE-1
associated DNA damage on genome structure. We also find that, in endometrial and
ovarian cancer, LINE-1 expression is correlated with the expression of genes that drive
cycle progression including E2F3, PLK1 and Aurora kinase B. This study provides
evidence, supporting recent work in model cell lines, of a LINE-1/DDR connection in
human tumors and raises the possibility of additional interactions between LINE-1 and

the cell cycle.

INTRODUCTION

LINE-1 (Long Interspersed Element 1) is a family of autonomous
retrotransposons that remain active in the human genome. As such, they encode
proteins (ORF1p and ORF2p) necessary for the spread of LINE-1 to new genomic loci
via an RNA intermediate (a phenomenon referred to as retrotransposition). ORF1p is an
RNA binding protein that can form trimers and is thought to coat the LINE-1 RNA
(Martin, 2006). ORF1p phosphorylation is required at several SP sites is required for
retrotransposition(Cook et al., 2015). ORF2p is an enzyme with endonuclease (Feng et al.,
1996) and reverse transcriptase (Mathias et al., 1991) activities that binds to the LINE-1
RNA, most likely at or near its poly A tail (Doucet et al., 2015). In dividing cells, this
LINE-1 RNA/ORF1p/ORF2p ribonucleoprotein complex (RNP) can enter the nucleus
during M phase and retrotranspose via a process called target primed reverse
transcription (TPRT) during S phase (Mita et al., 2018). LINE-1 elements are expressed
during early development (Beraldi et al., 2006; Kano et al., 2009; Percharde et al., 2018), but
in somatic tissues, many host factors contribute to LINE-1 silencing, including through
DNA methylation, H3K9 methylation and RNA silencing (Yang & Wang, 2016). Several
studies indicate that this silencing may not always be complete, and some LINE-1 RNA

can “leak through” (Belancio et al., 2010; Navarro et al., 2019), but the extent of this leak


https://doi.org/10.1101/2020.06.26.174052

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.26.174052; this version posted June 27, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

through and whether it leads to protein expression or retrotransposition remains hotly
debated.

In contrast, pervasive LINE-1 de-repression occurs in ~50% of human cancers
(Ardeljan et al., 2017; Rodic et al., 2014). In rare cases, de-repressed LINE-1 elements
will drive cancer progression by jumping into and disrupting key tumor suppressor
genes, most notably APC in colon cancer (Cajuso et al., 2019; Miki et al., 1992; Scott et
al., 2016). Building on previous experiments indicating that LINE-1 can induce
widespread double stranded breaks (Gasior et al., 2006) and trigger p53 mediated
apoptosis (Haoudi et al., 2004), two recent papers proposed a model in which LINE-1
functionally interacts with the replication fork and factors involved in homology mediated
DNA repair active during S phase, impacting the fitness of replicating cells. Mita et al.
found that homologous recombination (HR) and Fanconi Anemia (FA) factors restrict
retrotransposition. They also observed both that LINE-1 overexpression led to the
accumulation of cells in early S phase, and that aphidicolin induced replication stress
promotes retrotransposition, indicating that LINE-1 both promotes and takes advantage
of replication fork stalling (Mita et al., 2020). Ardeljan et al. found that knockout of many
DNA damage response genes was synthetic lethal with LINE-1 overexpression. This
was observed for most of the FA group. They also observed an increase in RPA coated
single stranded (ss) DNA, a marker of stalled replication forks, in response to LINE-1
expression (Ardeljan, Steranka, et al., 2020). In line with this observation Mita et al.
found a functional interaction between LINE-1 activity and this ssDNA coating protein
suggesting that unprotected ssDNA may be a “privileged” site of LINE-1 insertion (Mita
et al., 2020).

These studies propose an exciting role for LINE-1 in cancer. Replication stress
and persistent DNA damage are a double-edged sword for cancer. High levels of DNA
damage are toxic to cells, with rapidly dividing cells, such as cancer cells, being the
most affected. This fact explains the treatment efficacy of radiation and many
chemotherapies. However, cancer cells, especially those with p53 or other DNA

damage response (DDR) pathway mutations, can tolerate and even benefit from a low
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level of DNA damage and replication stress. Persistent DNA damage and replication
stress can drive tumor evolution by promoting genome instability and copy number
variation (CNV) (Gaillard et al., 2015). Therefore, if LINE-1 expression promotes
replication stress and DNA damage in cancers, it would have implications both for tumor
development and also for treatment. However, the Ardeljan et al. and Mita el al. studies
use models in which LINE-1 is overexpressed from constructs that have been
introduced to cell lines. It still remains to be shown that a similar interaction between
LINE-1 expression and replication stress occurs in actual human cancers. Another
recent study (Rodriguez-Martin et al., 2020), which looked at somatic LINE-1 insertions
in nearly 3000 cancer genomes, did identify correlations between LINE-1 insertion and
multiple classes of structural variation, including several instances where a structural
variation could directly be attributed at an improperly repaired retrotransposition
intermediate. These results provide support for a widespread LINE-1 / DNA damage
relationship in cancer, but do not elucidate the changes in expression and signalling that
are involved.

Large scale multi-omic studies (such as CPTAC) that combine DNA and RNA
sequencing with shotgun proteomics and phosphoproteomics provide an opportunity to
test the hypothesis that LINE-1 expression is correlated with replication conflicts and
DNA damage. Dividing cells respond to DNA damage and replication stress by
activating cell cycle checkpoints that pause cell division while DNA repair is ongoing.
Checkpoints occur at the G1/S transition before DNA replication begins, during S
phase, and at the G2/M transition before the cell commits to mitosis, and are activated
through kinase signaling cascades. The integration of phosphoproteomic data allows us
to measure these cascades. Furthermore, quantitative proteomic data allows us to
directly measure the expression of DNA repair genes and proteins such as cyclins that
mark stages of the cell cycle.

If, as the overexpression studies indicate, there is a LINE-1/replication fork
conflict, higher LINE-1 expression should lead to S phase checkpoint activation. The

canonical S phase checkpoint pathway is ATR-CHEK1. Activated by RPA coated
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ssDNA (most often occurring at stalled replication forks), ATR phosphorylates and
activates CHEK1 (CHK1), activating checkpoint (Saldivar et al., 2017). However, other
S phase checkpoint pathways also exist and are activated in different contexts. In the
canonical response to double strand breaks, ATM phosphorylates CHEK2 (CHK2),
activating checkpoint (Smith et al., 2010). Several studies indicate that ATM activation
of S phase checkpoint depends on MRN and cohesin phosphorylation. First, the MRN
complex (MRE11, RADS50, NBN) localizes to double strand (ds) breaks. RAD50 and
NBN are then phosphorylated by ATM, a process that is necessary for ATM
phosphorylation of the core cohesin subunits (SMC1A, SMC3), which in turn is
necessary for activation of S phase checkpoint in response ds break inducing ionizing
radiation (IR) (Magtouf Gatei et al., 2011; Luo et al., 2008; Yazdi et al., 2002). ATR
activation is most associated with stalled replication forks, whereas ATM activation is
most associated with ds breaks. However, the two are not independent. Homologous
repair of ds breaks requires end resection, which creates ssDNA and can activate ATR.
Similarly, if stalled replication forks are not quickly resolved, they can collapse, yielding
ds breaks and ATM activation (Smith et al., 2010).

Because human phosphorylation sites (phosphosites) likely number in the
hundreds of thousands (Vlastaridis et al., 2017), shotgun proteomics experiments can
only identify and quantify a fraction of the human phosphoproteome. For any given
signalling pathway, only a fraction of phosphosites are measured. Nevertheless, we
were able to identify correlations between LINE-1 (ORF1p) expression and S phase
checkpoint. LINE-1 expression was correlated with ATM-MRN-SMC1A pathway
activation in endometrial cancer. As were several drivers of cell cycle progression,
potentially indicating adaptation to chronic DNA damage. Total CNV was also
correlated, indicating that this chronic stress may have serious genomic consequences.
In p53 wildtype breast cancer, we see an anti-correlation between LINE-1 expression
and ATM protein levels and positive correlation between LINE-1 expression and
ATR-CHEK1 activation, indicating S phase checkpoint activation via a separate

pathway. These correlations are absent in p53 mutant breast cancer. We do not identify
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correlations between LINE-1 expression and DDR related phosphorylation in ovarian
cancer, but we do see a positive correlation with PARP1 protein levels and with several
markers of cell cycle progression. Significant associations between LINE-1 and
DDR/CNV were not observed in colon cancer, potentially for technical reasons (see
discussion). We therefore give colon cancer limited consideration. In contrast to other
cancers examined in this study, we did not identify strong evidence of widespread

LINE-1 expression in kidney cancer.

RESULTS

Quantifications of LINE-1 expression, ORF1p phosphorylation, and
retrotransposition are highly correlated.

LINE-1 activity can be measured at several points in its life cycle, including:
LINE-1 RNA expression, ORF1 protein expression, ORF1p phosphorylation and
somatic insertion. We first wanted to know how these measurements relate to each
other to determine the extent that one measurement can stand as a proxy for overall
LINE-1 “activity.” We reanalyzed data from the CPTAC project to quantify LINE-1
mRNA, ORF1p (L1RE1) and ORF1p S18, S27, S33 and T203 phosphorylation in 5
cancer types: breast (n=94; (Krug et al., 2020)), ovarian (n=97; (McDermott et al., 2020)),
colon (n=93) (Vasaikar et al., 2019), clear cell kidney (n=106) (Clark et al., 2019) and
endometrial (n=88) (Dou et al., 2020). We also used the Mobile Element Locator Tool
(MELT) to quantify somatic LINE-1 insertions in kidney and endometrial tumors, where
matched tumor and whole blood WGS was available. WGS was not available for breast,
ovarian or colon tumors. ORF2p quantifications were attempted (results not shown), but
did not correlate with ORF1p, consistent with our previous observation that endogenous
ORF2p is not readily detectable by shotgun proteomics (Ardeljan, Wang, et al., 2020).
Because LINE-1 is subject to regulation throughout its life-cycle and different
quantifications measure different life-cycle stages, they may be uncorrelated or weakly

correlated in certain contexts. Figure 1 shows how these quantifications measure
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Figure 1. Schematic showing the LINE-1 lifecycle and the points at which LINE-1
products are quantified. (A-E) shows the path of retrotransposition. LINE-1 RNA may
be loose (B), in a cytoplasmic RNP (C) or in a nuclear RNP (D). LINE-1 ORF1p may
be in a LINE-1 RNP (C,D), or isolated (not shown). ORF1p in the nuclear RNP (D) is
shown in gray as it is present when the LINE-1 RNP enters the nucleus, but is
removed before S phase. The timing of ORF1p phosphorylation is unknown, but
likely occurs at the LINE-1 RNP stage (C,D) as it seems to play a role in
retrotransposition. Novel insertions (E) indicate completed LINE-1 retrotransposition
events.
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different points of the LINE-1 life-cycle: LINE-1 mRNA may be present as ‘stand-alone’
(B) transcripts or as RNPs co-assembled with ORF1p and ORF2p (C,D); ORF1p, which
may be present as part of an LINE-1 RNP or separate from the LINE-1 RNA (not
shown) is primarily cytoplasmic (C), but can also be found in the nucleus (D) in G1
phase (prior to retrotransposition which occurs in S phase) (Mita et al., 2018); somatic
insertions indicate completed cycles of retrotransposition (E).

Overall, we find strong correlation among all four measures of LINE-1 activity:
LINE-1 RNA, ORF1p, ORF1p phosphorylation and somatic insertion (endometrial
cancer only). LINE-1 RNA and ORF1 protein correlate very well with each other (Figure
2A-E) except in kidney cancer (Figure 2D), which we attribute to low LINE-1 expression.
Indeed, no more than one high confidence somatic insertion was identified in any kidney
sample analyzed here. A similar lack of retrotransposition was observed in TCGA
sequenced clear cell kidney tumors (Helman et al., 2014). Given this lack of LINE-1, we
excluded kidney cancer from most of the subsequent analyses. For the other four
cancer types, we found that LINE-1 RNA/protein Spearman correlations (p values)
range from 0.55 to 0.79. Despite the challenges associated with quantifying the
expression of repetitive elements, LINE-1 RNA/protein correlations far exceeded
median RNA/protein correlations, generally around p=0.45 (Figure S1). We also found a
significant correlation between LINE-1 protein expression and somatic insertions in
endometrial cancer (p=0.38, p=0.004; Figure 2F), the only one of these cancer types for
which matched WGS was available.

We consistently identified phosphorylation at four sites in ORF1p: S18, S27, S33
and T203. Three of these (S18, S27 and T203) were identified in a study finding that
mutation at these sites inhibits retrotransposition (Cook et al., 2015). S18 and S27 were
also identified in IP-MS from colorectal cancer (Ardeljan, Wang, et al., 2020). The fourth
site, S33, has not been described previously. Except in two cases where a particular
phosphosite is detected never or rarely in a particular cancer type (T203 in colon cancer
and S33 in endometrial cancer), these phosphosites correlate strongly with ORF1p

abundance, with Spearman correlations mostly falling in the 0.5 to 0.7 range (Figure
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Figure 2. Correlation between LINE-1 RNA, ORF1p and insertion. (A-E) show LINE-1
RNA/ORF1p correlation in breast, ovarian, colon, kidney and endometrial cancers
respectively. (F) Shows correlation between LINE-1 ORF1p and high confidence somatic
insertions in endometrial cancer. These high-confidence insertions may be only a fraction of
the total somatic insertions.
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S2). The previously identified sites S18, S27, and T203 are all [S/T]P, the target for
proline dependent protein kinases (PDPK). The strong correlations with substrate
abundance made it impossible to use correlation to identify potential PDPKs that might
target these sites, but our results nevertheless represent the strongest evidence to date
that ORF1p is phosphorylated in vivo.

Overall the agreement between these LINE-1 quantifications indicates that we
are able to accurately measure LINE-1 in this dataset. We therefore put most of our
focus on the LINE-1 ORF1p quantification as a measure of LINE-1 expression. Further,
the particularly high correlation between LINE-1 RNA and ORF1p supports the
hypothesis that ORF1p binds in cis and protects its own RNA. If most LINE-1 RNA and
ORF1p are part of LINE-1 RNPs, it would lead to a tight stoichiometry between the two.

Analysis of LINE-1 RNA shows highest expression in ovarian cancer and high
expression of the “hot” LINE-1 located at 22g12.1 in the TTC28 gene.

Our ORF1p quantifications are relative to an internal standard that varies
between cancer types and prevents straight-forward comparison of different proteins in
the same sample. Thus, it is not possible to directly compare ORF1p expression across
cancers. However, it is still possible to compare RNA quantifications because read
counts can be compared across genes and samples if properly normalized. We find that
LINE-1 RNA is most abundant in ovarian cancer, and least abundant in clear cell kidney
cancer (figure 3A). Some caution should be exercised as the RNA sequencing for
endometrial and kidney cancer was done using shorter reads, but at greater depth. In
the case of endometrial cancer, RNA from adjacent normal tissue was also available.
We find intact LINE-1 RNA to be much less abundant in normal tissue than in any of the
five cancer types, including kidney (figure 3A).

Because the tool we used to quantify LINE-1 RNA, L1EM, assigns RNA to
specific loci, we were able to compare locus specific LINE-1 RNA expression between
cancer types (figure 3B). However, it should first be noted that L1EM assigns all LINE-1

expression to reference loci despite the presence of potentially active, polymorphic,
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Figure 3: Insights from analysis of LINE-1 RNA. (A) Comparison of LINE-1
RNA quantification across cancer types. Expression is highest in ovarian
cancer. (B) Highly expressed (“hot”) intact LINE-1 loci. Rows indicate an intact
locus that is highly expressed (top 5) in at least one cancer type. Columns are
individual cases. Darker shading indicates greater expression. Across
samples/cancers, a locus at 22q12.1 is most highly expressed, accounting for
two thirds of all intact LINE-1 expression in breast cancer.
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non-reference LINE-1 loci. Thus it must be kept in mind that some LINE-1 RNA reads
assigned to a locus, x, may actually be derived from a non-reference locus (or loci) for
which x is likely the parent. In breast, ovarian and colon, the most highly expressed
intact (full length, lacking nonsense mutations in ORF1 and ORF2) LINE-1 locus in the
hg38 reference genome is located at 22g12.1, antisense to an intron of the TTC28
gene. This locus has been previously pinpointed as a highly active (“hot”) LINE-1 in
several cancer types (Jung et al., 2018; Tubio et al., 2014). Among significantly expressed
loci (=2 read pairs per million), this locus accounts for 27% of intact LINE-1 expression
in ovarian cancer samples, 67% in breast cancer samples and 30% in colon cancer.
However, the 22912.1 locus only accounts for about 1% of intact LINE-1 expression in
endometrial cancer, where no one locus consistently dominates LINE-1 expression. A
locus at 4g28.3 is the most highly expressed, yet it still only accounts for 4.5% of intact

LINE-1 expression across the endometrial cancer samples.

In endometrial cancer, LINE-1 expression is associated with p53 mutation,
ATM-MRN-SMC signalling, CNV and drivers of cell cycle progression

We next turned our focus to identifying correlations between LINE-1 expression and
host factors, with particular interest in whether LINE-1 expression is associated with S
phase checkpoint. We begin with an analysis of endometrial cancer. To get an overview
of LINE-1 expression we grouped our LINE-1 ORF1p expression estimates according to
the molecular subtypes proposed by TCGA (Cancer Genome Atlas Research Network et al.,
2013). This analysis revealed that most of the high LINE-1 expressing tumors fall into
the “CNV high” classification (Wilcox p=6.4x10¢, figure 4A). As the name suggests,
CNV high tumors have a high degree of copy number variation (CNV) genome-wide and
have frequent p53 mutations (Cancer Genome Atlas Research Network et al., 2013; Dou et
al., 2020). This is consistent with previous observations that LINE-1 expression is higher
in p53 mutant tumors (Rodi¢ et al., 2014; Wylie et al., 2016), an observation that suggests
an association between LINE-1 and persistent DNA damage. Indeed, in this study we

found that ORF1p levels were twice as high in p53 mutant endometrial cancers
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(p=0.0014). Reflecting enrichment in CNV high subtype, our LINE-1 ORF1p
quantification (hereafter called LINE-1 expression) is highly correlated with
genome-wide CNV (Spearman p=0.44, p=3.6x107, figure 4B). Strong correlation
between the somatic LINE-1 insertions and structural variation was recently reported in
a pan cancer study of whole genomes (Rodriguez-Martin et al., 2020). In our data, this
correlation is only partially explained by p53 mutation (partial Spearman p=0.31,
p=0.004), suggesting that LINE-1 may have a more direct role in CNV generation and
that this effect may be enhanced by the effect of p53 mutation/deletion.

We next examined the phosphoproteomic data for correlations with S phase
checkpoint. We calculated Spearman correlation between our ORF1p quantifications
and host protein phosphosites identified and quantified in the CPTAC
phosphoproteomic analyses (table S3). Among phosphosites with a known downstream
effect annotated in the phosphositeplus database (Hornbeck et al., 2015), RAD50-S635
(p=0.49, p=5.6x10"°, q=0.04) was most significantly correlated with LINE-1 expression,
pointing to activation of S phase checkpoint through ATM-MRN-SMC (8 other sites were
more strongly correlated, but their functional significance is unknown). As part of the
MRN complex, RAD50 is recruited to double strand breaks (DSB), where it is
phosphorylated at S635 by ATM in response to ionizing radiation (IR). RAD50-S635
phosphorylation is necessary for ATM phosphorylation of the cohesin subunit
SMC1A/SMC1 (Gatei et al., 2011), which in turn is necessary for the activation of S
phase checkpoint in response to IR (Kim et al., 2002; Yazdi et al., 2002) (pathway shown
left side of figure 4C). Indeed, ORF1p is strongly correlated with both known
ATM-targeted phosphorylation sites on SMC1A (p<0.003) (figure 4D) and with four
additional [ST]Q (ATM consensus motif) cohesin core residues: two on SMC1A and two
on SMC3 (all p<0.05). ATM phosphorylation of SMC1A also requires BRCA1 and
NBN/NBS1 (Kitagawa et al., 2004; Yazdi et al., 2002). At p<0.03, we find a correlation
between ORF1p and ATM-targeted phosphosites on both proteins: BRCA1-S1545
(S1524 in uniprot) (M. Gatei et al., 2001) and NBN-S343 (Lim et al., 2000) (figure 4D).

LINE-1 expression is not correlated with substrate abundance in any of these cases,
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consistent with the belief that these correlations are indicative of increased signaling
(figure 4E, table S2). Despite this strong evidence for an association between LINE-1
expression and ATM signaling, we did not observe a significant correlation between
ORF1p and ATM-S1981 autophosphorylation (p=0.14, p=0.29). ATM-S1981 is a
popular measure of ATM activation (Bakkenist & Kastan, 2003), although it may not be
essential (Pellegrini et al., 2006). We did however find enrichment for ATM activity using
Kinase Set Enrichment Analysis (KSEA). The mean ORF1p/phosphositeplus ATM site
correlation was 0.13 (p=7.8x10®, figure 3F). Further supporting an interaction between
LINE-1 and replication stress, we find that LINE-1 expression is correlated with all 7
core minichromosome maintenance complex (MCM) subunits at p<0.05. MCM is an
essential helicase for DNA replication and has been shown to interact with LINE-1(Mita
et al., 2018).

We next wanted to know whether there is also correlation between LINE-1
expression and the ATR-CHEK1 S phase checkpoint pathway. In response to
replication stress, the RAD9A-HUS1-RAD1 (9-1-1) complex recruits ATR, which
activates S phase checkpoint by phosphorylating CHEK1/CHK1 (right pathway of figure
4C) (Parrilla-Castellar et al., 2004). We find a strong correlation between ORF1p and
ATR-T1989 autophosphorylation (p=0.37, p=0.0025). Given the overlapping motifs of
ATM and ATR and the presence of a significant correlation with ATR but not ATM
autophosphorylation, the MRN/SMC sites described above may be phosphorylated by
ATR rather than ATM in this context. However, our analysis of LINE-1 expression in
breast cancer (next section), and analyses by others (Coufal et al., 2011; Gasior et al.,
2006), point to a role for ATM in the response to LINE-1. We were not able to assay
ATR phosphorylation of CHEK1 due to a lack of phosphosite detection, but we did not
find an enrichment in the phosphorylation of CHEK1 targets (figure 4F). Together this
indicates that while there is an association between LINE-1 and ATR-CHEK1 activation,
ATM-MRN-SMC is the primary checkpoint signalling that is correlated with LINE-1

expression in endometrial cancer.
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Dou et al. and the CPTAC consortium indicated cell cycle dysregulation /
checkpoint loss as a potential factor contributing to CNV in endometrial cancer. We
found strong correlation between ORF1p and the cyclins E1, A2 and B1 (all p>0.4 and
p<2.0x10*) as well as enrichment for CDK1 and CDK2 phospho-targets (figure 5A-C),
indicating that LINE-1 expression may be associated with cell cycle progression rather
than successful checkpoint activation. Cyclin levels, however, do not appear to be
driving global CNV independent of their correlation with LINE-1. Using partial
correlation, we find that the ORF1p/CNV correlation remains significant after accounting
for cyclin levels, but that these cyclins are not correlated with CNV after taking ORF1p

levels into account (figure 5D).

In p53 wild type breast cancer, LINE-1 expression is associated with ATM
deficiency, the ATR-CHEK1 signalling, NHEJ machinery and CNV

Our analysis of LINE-1 in endometrial cancer, is consistent with a model in which
LINE-1 expression is associated with improperly repaired DSBs, likely occurring during
S phase and possibly caused by replication fork collapse. We then wanted to know if
this model is supported in other cancer types. In breast cancer, we found a weak
correlation between LINE-1 expression and CNV (p=0.25, p=0.015). In the PAM50
breast cancer classification (Parker et al., 2009), the basal subtype, which has
significant overlap with the triple negative classification, bears some similarities to the
CNV high endometrial cancer subtype, including prevalent p53 mutation, elevated CNV
and persistent DDR signaling (Krug et al., 2020). However, we did not find ORF1p to be
elevated in basal breast cancer (figure 6A), despite finding that on average ORF1p
levels are about 50% higher in p53 mutant breast cancers (p=0.011). Instead, we found
that the LINE-1/CNV correlation in breast cancer is specific to p53 wild type tumors
(p=0.32, p=0.017, figure 6B). We therefore set aside tumors with p53 mutations and
focused only on the 57 breast tumors where ORF1p was measured, but no p53

mutation was detected.
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In the p53 wild type breast cancers, we did not find evidence for a correlation
between LINE-1 and the ATM-MRN-SMC pathway (figure 6C, left pathway).
Phosphosites on ATM, MRN, SMC1A and BRCA1 were either not detected or not
correlated (figure 6D). This led us to ask whether there is some deficiency preventing
activation of ATM-MRN-SMC in these cancers. Indeed, we found a strong
anti-correlation between ORF1p and ATM protein level (p=-0.42, p=0.0011, figure 6E).
Because ATM phosphorylates p53 and MDMZ2, leading to p53 stabilization and
activation (Khosravi et al., 1999), this deficiency may explain how these cancers are
able to elude the toxicity associated with high LINE-1 expression in cells with intact p53
(Ardeljan, Steranka, et al., 2020; Haoudi et al., 2004).

Cells with ATM deficiency would need to rely on other pathways to elicit
checkpoint and repair DNA damage. We find a strong correlation between ORF1p and
ATR-T1989 autophosphorylation (p=0.52, p=0.003) and enrichment for correlation with
ATR (p=0.004) and with CHEK1 (p=0.01) phospho-targets (figure 6F). As in endometrial
cancer, we could not assay ATR phosphorylation of CHEK1 as it was only detected in 5
tumors. Still, these correlations with measures of ATR/CHEK1 activation indicate that
LINE-1 expressing, ATM deficient tumors are able to activate S phase checkpoint by
relying on the ATR-CHEK1 pathway (figure 6C, right pathway).

An ATM deficiency may also indicate homologous recombination (HR) repair
deficiency, forcing these tumors to rely on NHEJ (Morrison et al., 2000). Indeed, we see
correlation between ORF1p and PRKDC autophosphorylation at T2609 and S2612
(figure 6D), and between ORF1p and NHEJ dimer subunits XRCC6/Ku70 and
XRCC5/Ku80 (figure 6E) at the protein level (all p<0.04), but we do not see evidence for
enrichment for correlation between LINE-1 expression and PRKDC targeted
phosphosites (figure 6F). NHEJ, which is characterized as being more error prone than
HR, is especially error prone when single ended DSB occur at collapsed replication
forks (Balmus et al., 2019). Thus over reliance on NHEJ may promote CNV in LINE-1
expressing tumors. Correlations with the ATR-CHK1 pathway and NHEJ machinery
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remain significant after using partial correlation to account for ATM protein level (figure
S3A), indicating that they are not merely a response to ATM deficiency.

Unlike in endometrial cancer, we did not see correlation between ORF1p and
cyclins (except B2) or cell cycle related kinases such as CDK1/2, PLK1 and AURKB
(figure S3B). However, we did find a weak (mean p<0.04), but significant (p<0.002)

enrichment for correlation between LINE-1 expression and CDK1/2 phosphosites.

In ovarian cancer LINE-1 expression is not associated with DDR phosphorylation
but correlates with expression of PARP1 and proteins driving cell cycle
progression.

We next turned our attention to whether similar correlations between LINE-1
expression, CNV, DDR and cell cycle are present in ovarian cancer. While, we did
observe a borderline correlation between LINE-1 ORF1p and CNYV, it is driven by just
four cases that have low LINE-1 and low CNV (figure 7A), and we did not identify
significant correlation between LINE-1 expression and any of the above described DDR
phosphosites. We did however find 80 proteins correlated with LINE-1 expression at
FDR < 10% (table S2). These included four proteins known to interact with LINE-1:
MOV10 (g=0.045), PABPC4 (q=0.032), PARP1 (g=0.056) and PURA (g=0.08) (Pizarro
& Cristofari, 2016) (Figure 7C). MOV10 and PURA are both LINE-1 repressors (Taylor
et al., 2018; Warkocki et al., 2018). PARP1 is a multifunctional DDR protein that is
involved in the response to stalled replication forks (Liao et al., 2018). Its up-regulation
could be a response to LINE-1 associated replication fork stalling.

Next, we performed gene set enrichment analysis (GSEA), looking for Reactome
(Jassal et al., 2020) gene sets enriched for correlation with ORF1p. “DNA replication”
was the most enriched category after normalization (NES=2.74, p,q<10*), with the G1/S
transition driving transcription factor E2F3 being the most strongly correlated gene in
the set (p=0.39, p=0.0068). Among the sets tested, “activation of ATR in response to
replication stress” had the highest pre-normalization enrichment score (ES=0.75,

p,q<10*). This includes correlation with ORF1p at p<0.05 for 3 Replication Factor C



CPTAC2 Ovarian Cancer

>

. L] L
: .‘o:::::.‘ c.n.-':- o,
L]

8
o ® % e
O - ee® 42k T
CR Y- A %
L]

o L]

N o)

Tg o O

s 57 ~

1] . d
8 . >
o

Cc

o ‘ p=0.22 ]
g p=0.04 é

0.1 0.2

(C)

Known L1 interactors

LINE-1 ORF1p ,’ Protein/L1 p>0

(D)

ORF1p/kinase target

Kina !e

1 .
; Kinase
1 targets/L1

0.4

DUDH

MOV10

PARP1

PURA

Mean spearman correlation

0.08 1

0.06

0.04

0.02

0.00

PABPC4

L

CDK2

CDK1

PLK1

AURKB

04 s
0.3
0.2
04 D
0.0

E2F3

mean p=0

Cell cycle progression proteins

Y

CDK:

—/

CCNE

o

CCN

CDK

DQDD

PLK1

AURKB

Figure 7: Analysis of LINE-1 in ovarian cancer. (A) ORF1p vs CNV. The
correlation is significant at p<0.05, but depends on four cases with low
LINE-1 and low CNV. (B) Correlation between LINE-1 and proteins that
are known to interact with LINE-1 (all at g<0.1).
*:0.01<p<0.05,**:0.001<p<0.01, ***:p<0.001. (C) Correlation between
ORF1p and drivers of cell cycle progression. Red interior indicates
positive correlation at p<0.05; insignificant correlations are in gray;
CCNAZ2 correlation could not be clearly determined due to limited
detection. Kinases are outlined in red if there is significant enrichment for
correlation between ORF1p and kinase targets, and gray if not. (D) KSEA
for kinases shown in part B. (E) ORF1p/Protein Spearman correlations
for proteins shown in part B.



complex (RFC) members, 2 Origin Recognition Complex (ORC) members, RAD9A and
RPA1. Given the strong correlation between ORF1p and the cell cycle driving
transcription factor E2F3, we wondered whether any of the other cell cycle driving
ORF1p correlations identified in endometrial cancer are also present in ovarian cancer.
We did not find a significant correlation with protein levels of cyclins E1, A2, and B1, but
we did find significant ORF1p correlations for PLK1 (p=0.37, p=0.001) and AURKB
(p=0.34, p=0.0025) protein levels and CDK1 and 2 phosphotargets (Figure 7B, D-E).

DISCUSSION

We have used phosphoproteomic data to identify correlations between LINE-1
expression and S phase checkpoint signaling. This indicates that recent studies
showing that LINE-1 overexpression leads to DNA replication conflicts are relevant to
human tumors. We also identified strong LINE-1 RNA/protein correlations that exceed
the RNA/protein correlation for most host genes as well as correlations between LINE-1
expression and drivers of cell cycle progression that may indicate changes to cell cycle
in response to chronic DNA damage or may indicate faster growth in LINE-1 expressing
tumors.

One might expect that because of the challenges associated with quantifying the
expression of highly repetitive elements such as LINE-1, the LINE-1 RNA/protein
correlation would be weaker than those for most host genes. The very high degree of
correlation that we observe would then be surprising. However, ORF1p binds in cis to
its own RNA (Wei et al., 2001), likely protecting it from degradation. If naked LINE-1
RNAs are highly susceptible to degradation, most LINE-1 RNA would be present in
complex with ORF1p, explaining the elevated RNA/protein correlation. Correlation
between LINE-1 RNA and ORF2p or between ORF1p and ORF2p is less clear.
Endogenous ORF2p is extremely difficult to measure (Ardeljan, Wang, et al., 2020) and
was at best sparsely observed in our analysis, but we did find that correlation LINE-1
ORF1p and somatic insertions are correlated in endometrial cancer. Because ORF2p is

critical to retrotransposition, this suggests that it is also correlated with somatic



insertions and thus with ORF1p, at least in endometrial cancer. Translational regulation
of ORF2p is well reported (Alisch et al., 2006; Mita et al., 2018; Taylor et al., 2013) and
WGS was limited, so such a correlation may not be universal. It is also possible to have
ORF1p expression from loci that lack an intact ORF2. However, we find ORF1p to be
similarly correlated with both intact and ORF1 only RNA (figure S1).

Our finding that LINE-1 expression is correlated with S phase checkpoint
signaling in endometrial and p53 wildtype breast cancer provides the first in vivo support
for the hypothesis that LINE-1 expression causes replication stress and persistent DNA
damage. In endometrial cancer, we see correlation between LINE-1 and
ATM-MRN-SMC signaling. This pathway is activated when cells are exposed to ionizing
radiation during S phase (Magtouf Gatei et al., 2011; Luo et al., 2008; Yazdi et al.,
2002), suggesting that LINE-1 expression is correlated with ds breaks occurring during
S phase. Such breaks could result from the collapse of replication forks after collision
with LINE-1 retrotransposition intermediates. In p53 wild-type breast cancer, we saw a
correlation between LINE-1 expression and ATR-CHEK1 signaling. This would at first
seem to suggest a different type of DNA damage as ATR is associated with stalled
replication forks rather than ds breaks (Saldivar et al., 2017). However, LINE-1
expression is associated with ATM deficiency in these tumors and ATR can be activated
at resected ds breaks (Smith et al., 2010), so ATR-CHEK1 may be activated as an
alternative to ATM-MRN-SMC1A. We did not identify clear correlations between LINE-1
expression and DDR signaling in p53 mutant breast cancers, despite the presence of
persistent DDR signaling in many of these tumors. It is likely that, in these tumors, any
effect of LINE-1 on DNA damage is overwhelmed by other factors. We also did not
identify LINE-1 expression / DDR phosphorylation in ovarian cancer, but we did find a
correlation with PARP1 expression, hinting at a DNA damage connection. In fact, we did
not find any LINE-1 expression / phosphosite correlations that were significant after
multiple hypothesis correction. Ovarian cancer had the highest level of LINE-1 RNA in
our study, so it may be that LINE-1 expression is saturated in ovarian cancer, limiting

the efficacy of our methods. Finally, in colon cancer, we found our LINE-1 ORF1p



quantification to be highly correlated with tumor purity (as measured by ESTIMATE
(Yoshihara et al., 2013)). We could not discern whether this is a biologically relevant
result or whether the LINE-1 signal is simply diluted in low purity tumors, so we provided
only limited analysis of colon cancer in this study.

Finally, we find that LINE-1 expression is correlated with several drivers of cell
cycle progression. In both endometrial and ovarian cancer, we find correlation between
ORF1p and the G1 to S promoting transcription factor E2F3 and between ORF1p and
the G2 to M promoting kinase PLK1. We also find evidence for increased cyclin
dependent kinase (CDK) activity based on kinase set enrichment analysis. Because this
data is from bulk tissue, we cannot be certain whether these correlations reflect an
up-regulation of cell-cycle progression signaling or stalling and accumulation at
particular cell cycle stages. Cell cycle stalling and accumulation is consistent with the
hypothesis that LINE-1 expression leads to persistent replication stress and DNA
damage. Challenges to DNA replication could explain increases in signaling and
expression associated with cells in S or G2 phase. At the same time, repeated studies
have found that LINE-1 de-repression is associated with poor prognosis (not analyzed
in this study because of lack of follow up data) in many cancer types (reviewed in
(Ardeljan et al., 2017)). It may therefore be that these correlations do reflect a more
rapid transit through cell cycle, perhaps as an adaptation to the stress caused by
LINE-1 expression or perhaps reflecting some unknown mechanism. Consistent with
this, correlations with M phase activity such as cyclin B-CDK1 are not easily explained
by replication stress and S phase checkpoint activation. However, DNA synthesis can
continue into mitosis (Minocherhomiji et al., 2015), so further experiments are needed to
understand the functional meaning of these correlations.

Our study shows that LINE-1 expression can be consistently measured in large
multi-omic cancer datasets. We then leverage this to find in vivo evidence that LINE-1
expression is correlated with DNA damage occurring in the S phase of cell cycle and to
identify correlations between LINE-1 expression and markers of cell cycle progression.

In endometrial cancer, there are 73 phosphosites correlated with LINE-1 expression at



g<0.1 and more than 5000 at p<0.05, most of which are unstudied. As more is known
about the role of individual phosphosites, it may be possible to return to these analyses
and find additional pathways that are correlated with LINE-1 expression. In particular,
LINE-1 expression is associated with an interferon response (Ardeljan, Steranka, et al.,

2020; Cecco et al., 2019; Yu et al., 2015) that we were not able to elucidate here.

FIGURE CAPTIONS

Figure 1. Schematic showing the LINE-1 lifecycle and the points at which LINE-1
products are quantified. (A-E) shows the path of retrotransposition. LINE-1 RNA may be
loose (B), in a cytoplasmic RNP (C) or in a nuclear RNP (D). LINE-1 ORF1p may be in
a LINE-1 RNP (C,D), or isolated (not shown). ORF1p in the nuclear RNP (D) is shown
in gray as it is present when the LINE-1 RNP enters the nucleus, but is removed before
S phase. The timing of ORF1p phosphorylation is unknown, but likely occurs at the
LINE-1 RNP stage (C,D) as it seems to play a role in retrotransposition. Novel insertions
(E) indicate completed LINE-1 retrotransposition events.

Figure 2. Correlation between LINE-1 RNA, ORF1p and insertion. (A-E) show LINE-1
RNA/ORF1p correlation in breast, ovarian, colon, kidney and endometrial cancers
respectively. (F) Shows correlation between LINE-1 ORF1p and high confidence
somatic insertions in endometrial cancer. These high-confidence insertions may be only
a fraction of the total somatic insertions.

Figure 3: Insights from analysis of LINE-1 RNA. (A) Comparison of LINE-1 RNA
quantification across cancer types. Expression is highest in ovarian cancer. (B) Highly
expressed (“hot”) intact LINE-1 loci. Rows indicate an intact locus that is highly
expressed (top 5) in at least one cancer type. Columns are individual cases. Darker
shading indicates greater expression. Across samples/cancers, a locus at 22912.1 is
most highly expressed, accounting for two thirds of all intact LINE-1 expression in
breast cancer.

Figure 4: LINE-1/DDR correlations in endometrial cancer. (A) ORF1p quantification by
molecular subtype: CNV high, MHV low, microsatellite instability (MSI) high, and DNA



polymerase €. LINE-1 expression is highest in CNV high endometrial cancers. (B)
ORF1p vs global CNV. High CNV, high LINE-1 and p53 mutation tend to appear
together. (C) A candidate model to explain the observed LINE-1/DDR correlations. At
the top is a broken replication fork, on the left is the ATM-MRN-SMC pathway and on
the right is the ATR-CHEK1 pathway. A protein or phosphosite filled in red indicates
positive correlation at p<0.05, gray indicates no significant correlation, with dark gray
indicating at least 50% missing values. Kinases are outlined in red if there is significant
enrichment for correlation between ORF1p and kinase targets, and gray if not. Big
green arrows indicate recruitment; small green arrows indicate downstream effects. (D)
Spearman correlation between ORF1p and phosphosites pictured in C. *:0.01<p<0.05,
**:0.001<p<0.01, ***:p<0.001. (E) As in D, but for ORF1p/protein correlation. (F) KSEA
enrichment for correlation between ORF1p and kinase targets.

Figure 5: LINE-1/cell cycle progression correlations in endometrial cancer. (A) Drivers
of cell cycle progression correlated with ORF1p, all at p<0.01. Kinases are outlined in
red if there is significant enrichment for correlation between ORF1p and kinase targets,
and gray if not. (B) Spearman correlation values for proteins shown in part A.
*:0.01<p<0.05,"*:0.001<p<0.01, ***:p<0.001. (C) KSEA for kinases shown in part A. (D)
Partial correlation between ORF1p and CNV accounting for the level of these proteins
(separately) and partial correlation between these proteins and CNV accounting for
ORF1p levels. Correlation between ORF1p and CNV does not depend on these
proteins, but correlation between these proteins and CNV does depend on ORF1p.
Figure 6: LINE/DDR correlation in p53 wild type breast cancer. (A) ORF1p
quantification by PAM50 subtype. LINE-1 expression is universal across subtypes. (B)
ORF1p vs global CNV. Despite ORF1p expression being on average higher in p53
mutant cancers, the LINE-1/CNV correlation is specific to p53 wild type. (C) A candidate
model to explain the observed LINE-1/DDR correlations. At the top is a broken
replication fork, on the left is the ATM-MRN-SMC pathway and on the right is the
ATR-CHEK1 pathway. A protein or phosphosite filled in red indicates positive

correlation at p<0.05, while blue indicates significant negative correlation, gray indicates



no significant correlation, with dark gray indicating at least 50% missing values. Kinases
are outlined in red if there is significant enrichment for correlation between ORF1p and
kinase targets, and gray if not. Big green arrows indicate recruitment; small green
arrows indicate downstream effects. (D) Spearman correlation between ORF1p and
phosphosites pictured in C. *:0.01<p<0.05, **:0.001<p<0.01, ***:p<0.001. (E) As in D,
but for ORF1p/protein correlation. (F) KSEA for correlation between ORF1p and kinase
targets.

Figure 7: Analysis of LINE-1 in ovarian cancer. (A) ORF1p vs CNV. The correlation is
significant at p<0.05, but depends on four cases with low LINE-1 and low CNV. (B)
Correlation between LINE-1 and proteins that are known to interact with LINE-1 (all at
g<0.1). *:0.01<p<0.05,**:0.001<p<0.01, ***:p<0.001. (C) Correlation between ORF1p
and drivers of cell cycle progression. Red interior indicates positive correlation at
p<0.05; insignificant correlations are in gray; CCNA2 correlation could not be clearly
determined due to limited detection. Kinases are outlined in red if there is significant
enrichment for correlation between ORF1p and kinase targets, and gray if not. (D)
KSEA for kinases shown in part B. (E) ORF1p/Protein Spearman correlations for

proteins shown in part B.

SUPPLEMENTARY FIGURE CAPTIONS

Figure S1. Histogram of RNA/protein correlations for all human proteins measured in at
least half of samples, overlayed with the correlation between LINE-1 ORF1p and LINE-1
RNA assigned to intact loci (dashed red lines) or to loci with at least ORF1 intact (dotted
red lines). (A) Breast cancer, (B) ovarian cancer, (C) colon cancer, (D) endometrial
cancer.

Figure S2. Correlation between ORF1p expression and phosphorylation at the 4
identified phosphosites. Rows correspond to cancer types: breast, ovarian, colon and
endometrial. Columns correspond to phosphosites: S18, S27, S33, T203.

Figure S3. Additional breast cancer plots. (A) Partial Spearman correlation between

ORF1p and DDR protein/phosphosite, accounting for ATM, and partial Spearman



correlation between ATM and DDR proteins/phosphosites, accounting for ORF1p. ATM
alone deficiency does not explain ORF1p/Ku and ORF1p/ATR-T1989 correlations.
Figure S4. Spearman correlations between the relative quantification of ORF1p
peptides in CPTAC2 retrospective data. Breast cancer samples are in pink; ovarian
samples are teal. Peptides used for quantification correlate with two other ORF1p

peptides at p>0.6.

Supplementary table captions

Table S1. Quantifications of LINE-1 RNA, ORF1p, insertion and phosphorylation.
Tumor samples only.

Table S2. Correlation between ORF1p and host protein levels. Tumor samples only.

Table S3. Correlation between ORF1p and phosphosites. Tumor samples only.

STAR METHODS
Quantification of LINE-1 RNA

LINE-1 RNA was quantified from available RNA-seq data using an
implementation of L1EM (McKerrow & Fenyd, 2020) on the Cancer Genome Cloud.
L1EM employs the expectation maximization algorithm to estimate locus specific gene
expression and to separate proper LINE-1 expression from passive co-transcription that
includes LINE-1 RNA, but does not support retrotransposition. For the intact LINE-1
RNA quantifications, full length LINE-1 loci with no stop codon in either ORF1 or ORF2
were considered expressed if at least 2 read pairs per million (FPM) were assigned to
that locus and less than 10% of the RNA assigned to that locus was estimated to be
passive co-transcription. Total intact LINE-1 RNA expression was estimated by adding
together the FPM values for each such locus. Full length loci with stop codons in ORF2
but not ORF1 were also included to generate an ORF1 RNA expression estimate.
Samples were excluded if no locus was detected at 2 FPM as this may be due to data
quality rather than a lack of LINE-1 RNA. Specifically, ovarian cancer samples that

failed LINE-1 RNA quantification did not have lower ORF1p quantifications.



Quantification of LINE-1 ORF1p

LINE-1 ORF1p was quantified from isobaric labelled MS/MS proteomics data
using a set of 20 proteotypic ORF1p peptides generated from analysis of older CPTAC
breast (Mertins et al., 2016) and ovarian cancer (Zhang et al., 2016) data. X!tandem
(Craig & Beavis, 2004) was used to search mass spectra against a combined database
that includes both the standard ensembl human proteome and in silico translations of
intact LINE-1 open reading frames in the human reference genome. Oxidation of
methionine (+15.994915@M) was included as a potential modification.
Carbamidomethylation of cysteine (+57.022@C) was set as a fixed modification in
addition to modifications appropriate to the particular isobaric labelling used
(+144.102063@[ ,+144.102063@K for iTRAQ4 and +229.162932@][, +229.162932@K
for TMT10). Peptides were quantified by calculating the log ratio between the reporter
intensity for each sample and the reporter intensity of an internal control.
Peptide/peptide spearman correlations were calculated and peptides that had a
correlation of at least 0.6 with two other peptides were retained (see figure S4). This led
to the following list: DFVTTRPALK, EALNMER, EWGPIFNILK, LIGVPESDGENGTK,
LIGVPESDVENGTK, LSFISEGEIK, LTADLSAETLQAR, NLEECITR, NVQIQEIQR,
QANVQIQEIQR, REWGPIFNILK, RNEQSLQEIWDYVK, SNYSELR,
SNYSELREDIQTK, VSAMEDEMNEMK, YQPLQNHAK, DFVTTRPALQELLK,
LENTLQDIQENFPNLAR, VSAMEDEMNEMKR, and NEQSLQEIWDYVK.

For the actual peptide quantifications, the x!tandem search and peptide
quantifications were performed as above. If a peptide were detected multiple times in
the same sample, the median across peptide spectral matches was used. Then to get a
protein quantification, the median was taken across all peptides in the preceding list that
were identified in that sample. Finally, the quantification was translated by the median
log ratio for all human proteins to account for variation in the size of the input sample.
This pipeline was implemented and executed as a workflow on the Cancer Genome
Cloud.



Quantification of LINE-1 ORF1p phosphorylation

ORF1p phosphopeptides were identified using the above x!tandem search
strategy with the addition of phosphorylation at serine, threonine and tyrosine
(79.966331@S, 79.966331@T, 79.966331@Y) as potential modifications. Identified
ORF1p phosphopeptides were aligned to the uniprot LINE-1 ORF1p sequence (L1RE1)
using the pairwise2 method in Biopython to identify the phosphorylation coordinate.
Phosphopeptides were quantified as above using the log ratio between the sample
reporter intensity and the reference reporter intensity. If multiple phosphopeptide

spectral matches indicated the same phosphosite, the median was taken.

Quantification of high confidence LINE-1 somatic insertions

Somatic insertions were identified using the Mobile Element Locator Tool (MELT)
(Gardner et al., 2017) on the Cancer Genome Cloud. MELT was run on each pair of
matched cancer/normal WGS datasets. Only insertions with the greatest evidence
(ASSESS=5) were considered. To be considered a high confidence somatic insertion,
the insertion had to be called heterozygous in cancer and homozygous absent in
normal, with the log likelihood of both of these genotypes being at least 10 greater than

the log likelihood of the next most probable genotype.

Estimation of global CNV

For breast and endometrial cancer, global CNV scores were provided by the
respective CPTAC working groups (Krug et al., 2020; (Dou et al., 2020). For colon
cancer, the CNV score was recalculated according to the description provided (Vasaikar
et al., 2019). For ovarian cancer, a global CNV score was calculated from gene level
CNV provided by the CPTAC working group (McDermott et al., 2020). First, any gene
overlapping another gene with a smaller leftmost coordinate was removed. Then, each

remaining gene coordinate range was extended in the plus direction to reach the start of



the next gene. The global CNV score was then a linear combination of the absolute

value of the gene level CNV with the length of the extended gene ranges.

Enrichment Analysis

For gene set enrichment analysis (GSEA), Spearman correlations were
calculated between our LINE-1 ORF1p quantification and the log normalized
quantification for each identified protein identified in at least half of samples. Analysis
was then performed using the GSEAPreranked option in GSEA 4.0.0. Protein searches
were performed against Reactome gene sets (Jassal et al., 2020).

For kinase set enrichment analysis (KSEA), we calculated partial Spearman
correlation between ORF1p and each phosphosite that was identified in at least half
samples, accounting for the substrate protein quantification. Enrichment was calculated
using the KSEA web app (Wiredja et al., 2017).

Statistical analysis

Statistical analysis was performed in R. Spearman correlation was calculated
using the cor.test function in the standard stats package. Partial correlation was
calculated using pcortest in the ppcor package. The Benjamini-Hochberg (BH) method
was used to calculate FDR/q value when considering multiple hypothesis tests.
Uncorrected p values were used when literature or analysis of another cancer type

pointed to potential involvement of a specific gene/protein/phosphosite.

Data and Code Availability
Raw and processed proteomic and phosphoproteomic data can be found at the

CPTAC portal (https://cptac-data-portal.georgetown.edu/cptacPublic/) or the Proteomic

Data Commons (https://pdc.cancer.gov/pdc/). Transcriptomic and genomic data for

CPTAC 3 (endometrial and kidney cancers) can be found in the Genomic Data

Commons (https://gdc.cancer.gov/). Additionally data for each cancer type can be found

in the corresponding publication: colon (Vasaikar et al., 2019), breast (Krug et al.,


https://cptac-data-portal.georgetown.edu/cptacPublic/
https://pdc.cancer.gov/pdc/
https://gdc.cancer.gov/

2020), ovarian (McDermott et al., 2020), endometrial (Dou et al., 2020), and kidney
(Clark et al., 2019). L1EM code can be found at https://github.com/FenyolLab/L1EM.

CGC implementations of L1EM and ORF1p quantification are available on request

(please provide a CGC username).
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Figure S1. Histogram of RNA/protein correlations for all human proteins measured
in at least half of samples, overlayed with the correlation between LINE-1 ORF1p
and LINE-1 RNA assigned to intact loci (dashed red lines) or to loci with at least
ORF1 intact (dotted red lines). (A) Breast cancer, (B) ovarian cancer, (C) colon
cancer, (D) endometrial cancer.
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Figure S2. Correlation between ORF1p expression and phosphorylation at the 4 identified
phosphosites. Rows correspond to cancer types: breast, ovarian, colon and endometrial. Columns
correspond to phosphosites: S18, S27, S33, T203.
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Figure S3. Additional breast cancer plots. (A) Partial Spearman correlation
between ORF1p and DDR protein/phosphosite, accounting for ATM, and partial
Spearman correlation between ATM and DDR proteins/phosphosites, accounting
for ORF1p. ATM alone deficiency does not explain ORF1p/Ku and ORF1p/ATR-
T1989 correlations.
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Figure S4. Spearman correlations between the relative quantification of ORF1p peptides in
CPTAC?2 retrospective data. Breast cancer samples are in pink; ovarian samples are teal.

Peptides used for quantification correlate with two other ORF1p peptides at p>0.6.




