p53 directly represses human LINE1

transposons
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P53 is a potent tumor suppressor and commonly mutated in human cancers. Recently, we demonstrated that p53
genes act to restrict retrotransposons in germline tissues of flies and fish but whether this activity is conserved in
somatic human cells is not known. Here we show that p53 constitutively restrains human LINE1s by cooperatively
engaging sites in the 5’'UTR and stimulating local deposition of repressive histone marks at these transposons.
Consistent with this, the elimination of p53 or the removal of corresponding binding sites in LINE1s, prompted these
retroelements to become hyperactive. Concurrently, p53 loss instigated chromosomal rearrangements linked to
LINE sequences and also provoked inflammatory programs that were dependent on reverse transcriptase produced
from LINE1s. Taken together, our observations establish that p53 continuously operates at the LINE1 promoter to
restrict autonomous copies of these mobile elements in human cells. Our results further suggest that constitutive
restriction of these retroelements may help to explain tumor suppression encoded by p53, since erupting LINE1s

produced acute oncogenic threats when p53 was absent.
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p53, the most commonly mutated gene in human cancers,
has been primarily studied in the context of cellular stress
where it directs transcriptional programs specifying apo-
ptosis, cell cycle arrest, and cellular senescence. Accord-
ingly, stimulus-induced transactivation of effector genes
is widely thought to account for p53-mediated tumor sup-
pression (Lane and Levine 2010; Bieging et al. 2014; Chen
2016). However, mice collectively lacking essential p53
target genes (p21, noxa, and puma) remain tumor free
and, likewise, p53 continues to function as a tumor sup-
pressor even if decoupled from these cellular processes
(Brady et al. 2011; Li et al. 2012; Valente et al. 2013). Re-
cently, our laboratory demonstrated that p53 restrains
mobile elements in the germline of flies and fish, raising
the possibility that, if conserved, modalities related to
this tonic activity might contribute to cancer prevention
in longer-lived animals (Wylie et al. 2016a,b; Tiwari
et al. 2017, 2018). Here, we tested whether retroelement
repression by p53 is a conserved property that extends to
human somatic cells.

LINEI (L1) elements are considered the only active ret-
rotransposon in the human genome (Lander et al. 2001).
Although the majority of L1 copies are fragmented and/
or mutated, ~100-150 full-length L1 elements are autono-
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mous and retrotransposition competent (Moran et al.
1996; Brouha et al. 2003). These are all members of an evo-
lutionarily young family of L1s designated L1 human spe-
cific (L1ys). Intact Lly, copies contain an internal
promoter located within the 5UTR (Swergold 1990; Alex-
androva et al. 2012) and encode two open reading frames.
L1 ORFlp is an RNA chaperone, while ORF2p possesses
endonuclease and reverse transcriptase activities (Dom-
broski et al. 1994; Feng et al. 1996; Martin et al. 2005; Mar-
tin 2010; Callahan et al. 2012). While L1s are normally
silenced in somatic cells, derepression of these transpo-
sons is associated with certain cancers and some neuropa-
thies (Muotri et al. 2010; Hancks and Kazazian 2012; Rodié
et al. 2014; Wylie et al. 2016b; Burns 2017). Conceivably,
L1 hyperactivity could drive pathologies by destabilizing
genomes, promoting mutations, altering gene expression
and triggering inflammatory responses (Hancks and Kaza-
zian 2012, 2016; Lee et al. 2012; Tubio et al. 2014; Volk-
man and Stetson 2014; Chenais 2015; Kemp and
Longworth 2015; Scott and Devine 2017; Briggs et al.
2018; Saleh et al. 2019; Rodriguez-Martin et al. 2020).
How p53 loss permits elevated retrotransposon activity
is currently unknown, but several lines of evidence
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suggest that p53 could specify the deposition of epigenetic
marks that silence mobile elements. For example, when a
synthetic L1 was injected into Zebrafish, the L1-5UTR
was a target for p53-dependent H3K9 trimethylation (Wy-
lie et al. 2016b) and consistent with this, in mouse fibro-
blasts treated with a DNA demethylating agent, intact
p53 was needed to silence repetitive elements (Leonova
et al. 2013). Furthermore, since informatic and empirical
evidence for p53 binding to retroelements has been report-
ed (Wang et al. 2007; Harris et al. 2009; Zemoijtel et al.
2009; Cui et al. 2011), it is plausible that p53 could
directly antagonize these elements.

Here, we establish a role for p53 in the silencing of hu-
man retroelements and link retroelement derepression
caused by p53 loss to oncogenic phenotypes. Using syn-
thetic transposons together with CRISPR methods, we
found that L1 activity and de novo transposition were sig-
nificantly increased when p53 was eliminated. We also
observed that p53 binds to the 5’UTR of Lls and estab-
lished that constitutive occupancy at this internal pro-
moter was required for deposition of repressive histone
marks and for transcriptional suppression of these ele-
ments. Soon after p53 loss, chromosomal rearrangements
associated with L1 sequences were observed. Likewise,
without p53, immune response signatures were also de-
tected and, using a retrotransposon antagonist, we demon-
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strate that retroelement activity underlies this response.
Together, these findings establish that tonic repression
of L1s is a well-conserved property of p53 that safeguards
human somatic cells against potential oncogenic threats
presented by these transposons.

Results

p53 suppresses L1 expression in human cell lines

Using CRISPR editing methods a series of p53 knockouts
were generated in diverse human cell lines and derepressed
L1 activity was observed in both cancer derived (e.g., A375
and U20S cell lines) as well as normal lung tissue derived
HBEC3kt cells (Fig. 1). As shown in Figure 1A (top panel), a
common exon found in all p53 isoforms was targeted and
genomic sequencing was performed to assign loss-of-func-
tion genotypes in derived clones (see Supplemental Table
S1). Using Western blot analyses, absence of p53 was veri-
fied in these independent knockout clones derived from
A375 (Fig. 1CJ, U20S (Fig. 1D}, HBEC3kt (Fig. 1E, and
HCT116 cells (Supplemental Fig. S1E). Furthermore,
where available, loss of p53 transcripts was verified in
RNA sequencing data sets, consistent with nonsense-me-
diated decay in independent p53 knockout lines (Fig. 1A,
bottom panel). To further verify the specificity of our p53

Figure 1. p53 loss provokes human L1 ex-
pression. The p53 gene was mutated using
a CRISPR guide RNA targeting the first
common exon found in all annotated p53
isoforms, as illustrated in the top panel of
A. In A and B, two independently edited
p53~/~ lines, designated A-3 and A-2, were
analyzed. In C and F, independently edited
p53~/~ lines A-1 and A-2 were analyzed. In
the bottom panel of A, normalized RNA se-
quencing expression levels from wild-type
(WT; black) and p53~/~ A375 cells (red) are
shown. (B) Normalized expression of read-
through transcription from a single, unique-
ly identifiable Llys element in wild-type
and p53~/~ A375 cells. Western blot in WT,
cas9-treated control and p53~/~ A375 hu-
man melanoma (C), U20S osteosarcoma
(D), and HBEC3kt immortalized normal hu-
man lung (E) cells lines for p53 (top panels)
and L1ORF1p (middle panels). (Bottom pan-
els) B-Actin is presented as a loading control.
Normalized L1-5UTR mRNA levels in WT,
cas9-treated control and two independent
p53~~ A375 (F), U20S (G), and HBEC3kt
(H) cell lines assessed by ddPCR. L1-5UTR
transcript levels were normalized to f-actin
and relative fold change was calculated with
respect to parental wild type. Bar graphs are
the average of three independent experi-
ments (n=3) with error bars representing
the standard deviation. p53~/~ samples
were significantly different from parental
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knockout lines, we computationally identified 114 poten-
tial p53 gRNA off target loci, which differed from the p53
target sequence by up to four mismatched (Supplemental
Fig. SIM). Less than half of these loci are located in gene
bodies (Supplemental Fig. SIN) and, importantly, we con-
firmed that expression from these was not substantially
different in cells exposed to the p53 gRNA and the parental
A375 cell line (Supplemental Fig. S10).

Next, the effects of p53 loss on L1 activity were tested
by inspecting these elements in two ways. First, we exam-
ined ORF1p, a commonly used marker for the expression
of intact L1 copies. As shown in Figures 1C-E and quanti-
fied in Supplemental Figure S1G-I, p53 elimination trig-
gered acute increases in L1 ORFlp expression in A375,
U20S, and HBEC3kt cells. Importantly, neither cas9 ex-
posure alone (Fig. 1C-E; Supplemental Fig. SIG-I) nor in-
troduction of a control gRNA targeting the huAAVSI1
locus (Supplemental Fig. S1C,D) was sufficient to trigger
ORFlp expression, confirming that p53 loss caused
ORFl1p derepression in these experiments. As a second ap-
proach, we directly inspected Ll-derived RNAs using
RNA sequencing and/or droplet digital PCR (ddPCR) as-
says. Using methods adapted from Philippe et al. (2016)
and as exemplified in Figure 1B and summarized in Sup-
plemental Figure S1A,B, loss of p53 was associated with
elevated expression of individually identifiable LIy
RNAs in RNA sequencing data sets from A375 cells. In-
triguingly, this effect was stochastic, and consistent
with (Philippe et al. 2016), different L1y, elements were
clearly derepressed in different clonal p53 knockout cell
lines (in Supplemental Fig. S1A,B note red and yellow
dots indicating commonly and uniquely derepressed
L1y, elements). Furthermore, the effect triggered by p53
loss was restricted to L1y, transcripts since ancient L1-,
L2-, Alu-, and ERV-derived sequences were not similarly
impacted (see Supplemental Fig. S1J-L). Most L1y geno-
mic sequences lack a complete 5' end and are, for this rea-
son, retrotransposition-incompetent. Therefore, to more
directly focus on intact L1 copies, we also developed a
ddPCR assay that selectively targets L1y, RNAs contain-
ing the 5UTR. Using this assay, 5UTR Llye-derived
RNAs were increased approximately fivefold when p53
is lost in A375 cells (Fig. 1F). Similarly, a fourfold to five-
fold increase was observed in U20S and, likewise, approx-
imately fourfold elevation in HBEC3kt cells upon p53 loss
(Fig. 1G,H, respectively). Taken together, these results in-
dicate that p53-mediated repression of intact and poten-
tially active retroelements seen in model systems (Wylie
et al. 2016b; Tiwari et al. 2017) is conserved in humans
and detectable in numerous cultured cell lines. This pat-
tern was not universal since, consistent with previous re-
ports (Coufal et al. 2011), L1s were not activated in
HCT116 cells, indicating that additional factors and/or
cell-type specific contexts can influence the behavior of
L1s when p53 is lost (Supplemental Fig. S1E,F).

p53 inhibits L1-retrotransposition

Results in Figure 1 demonstrate a strong inverse relation-
ship between p53 status and the expression of L1z RNA
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and protein. To determine whether retrotransposition
rates are similarly affected, we stably transfected parental
and p53 knockout A375 and U20S cells with a synthetic
L1 designated 99-gfp-LRE3 (Ostertag et al. 2000; Kopera
et al. 2016). This indicator (see Fig. 2A) encodes a retro-
transposition competent copy of L1y engineered to per-
mit direct measurements of de novo retrotransposition
rates. As illustrated in Figure 2A EGFP expression
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Figure 2. p53 loss is permissive for human L1 de novo retro-
transposition. (A) Schematic depiction of the 99-gfp-LRE3 retro-
transposition indicator. eGFP fluorescence indicates a complete
retrotransposition cycle. Representative confocal images (ob-
tained at 63x; scale bars, 20 um) of GFP fluorescence in stable
wild-type, cas9-treated control, and p53~/~ A375 (B) and U208
(D) 99-gfp-LRE3 integrant cell populations counterstained with
DAPI. Quantification (n=3) of the percentage of GFP-positive
cells by flow cytometry for A375 (C) and U20S (E) cells, error
bars represent the standard error of the mean. (*) P-value <0.05,
(**) P-value <0.005. Droplet digital PCR (ddPCR) quantification
(n=2) of de novo LINE1 integration events in A375 (F) and
U20S (G) cells, normalized to single-copy gene puma abundance.
Primer pair 2 (barbed arrows shown in A) specifically detects
spliced GFP (indicating a complete retrotransposition life cycle)
in genomic DNA. Bar graphs are averages of two biological repli-
cates and error bars are the standard deviation.
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produced by this synthetic element requires a completed
retrotransposition life cycle, including transcription,
splicing, reverse transcription, and integration. Using
this tool, we observed significantly increased retrotranspo-
sition when p53 was removed (Fig. 2B-E) and, importantly,
CRISPR/cas9 exposure alone did not trigger increased ret-
rotransposition (Fig. 2B-G). When quantified by flow cy-
tometry, de novo insertions were increased fivefold to
sixfold in U20S p53 knockout cells (Fig. 2E) and increased
twofold to threefold in p53 knockout A375 cells (Fig. 2C)
relative to parental counterparts or a control transposition
indicator lacking the endonuclease, LRE3-H230A-GFP
(EN7) (Supplemental Fig. S2C,D). To verify this conclu-
sion, we directly inspected the genomes of wild-type and
p53 knockout cells using a ddPCR assay that measures
de novo retro-insertions. Importantly, starting copy num-
bers of the integrated 99-gfp-LRE3 plasmid were similar
across genotypes, as verified by genomic PCR using prim-
ers that detect unspliced eGFP (Supplemental Fig. S2A,B).
As seen in Figure 2, F and G, normalized values of spliced
eGFP copies, indicating a complete cycle of retrotransposi-
tion, were considerably higher in the genomes of p53 mu-
tant A375 and U20S cells relative to their wild-type
counterparts. Therefore, p53-dependent differences seen
in Figure 2, B-E, reflect genuine differences in derived cop-
ies of 99-gfp-LRE3 retroinserts, establishing that human
p53 restricts retrotransposition in these cells.

The L1-5UTR is sufficient for p53 repression

Human L1 elements carry an internal RNA polymerase II
promoter within their ~900-bp 5UTR (Swergold 1990).
Previously, we showed p53-dependent deposition of re-
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pressive histone marks occurred at this 5UTR when 99-
gfp-LRE3 plasmids were injected into zebrafish embryos
(Wylie et al. 2016b), suggesting that p53-dependent sup-
pression of L1s may require the L1-5UTR. To determine
whether the 5UTR is sufficient for p53 repression, we
placed the L1-5'UTR upstream of an eGFP cassette to cre-
ate an L1 expression reporter (L1-5UTR-eGFP). Impor-
tantly, for these studies, we integrated the L1-5UTR-
eGFP expression reporter at the AAVS] safe harbor site
(Fig. 3A) and, in this way, avoided confounders associated
with transient transfections, copy number differences,
and position effects. We used genomic PCR to verify sin-
gle-copy insertions of L1-5’UTR-eGFP at the AAVS] safe
harbor site in our edited A375 and U20S cells (Supple-
mental Fig. S3A-C). Using flow cytometry, we monitored
L1-5UTR-eGFP activity and detected significantly higher
eGFP expression levels in the p53 knockout A375 and
U20S cells compared with wild-type cells (Fig. 3B,C, Sup-
plemental Fig. S3F,G; Supplemental Tables S2, S3 for the
quantification). Likewise, eGFP transcript levels were
similarly elevated in p53 knockout A375 and U20S cells
(Supplemental Fig. S3D,E), suggesting that p53 repression
occurs at the level of transcription. Together, Figure 3, B
and C, and Supplemental Figure S3, D and E indicate
that p53 antagonizes the production of L1 RNAs by oper-
ating through DNA sequences within the 5UTR of L1
elements.

H3K9me3 and H3K27me3 are repressive histone marks
characteristic of heterochromatin (Bannister and Kouzar-
ides 2011). These marks are also enriched at repetitive se-
quences including LINE1 elements (Molaro and Malik
2016; Yang and Wang 2016), but efforts to inspect individ-
ual L1 copies are confounded by the absence of uniquely

Figure 3. p53-mediated suppression of
LINEIls operates at the level of transcription
through the 5’UTR. (A) The integrated L1 re-
porter construct, L1-5’UTR-eGFP, is detect-
able with primers indicated (barbed arrows).
wT Flow cytometry of GFP in WT, cas9-treated
ggg control, and p53~/~ A375 (B) or U20S (C) cells
..p53°  containing the L1-5UTR-eGFP exposes bright
GFP-positive subpopulations in p53~/~ cells
(see Supplemental Tables S2, S3 for gating pa-
rameters). Additional biological replicates are
shown in Supplemental Tables S2 and S3; for
unstained controls, see Supplemental Figure
S3, F and G. ChIP results (D,E) showing H3
normalized H3K27me3 (D) and H3K9me3 (E)
ratios at the L1-5UTR, p21, and puma in
wild-type (black) and p53~/~ (red) cells. Note
1o that changes in H3K27me3 and H3K9me en-
richment are specific to the 5 UTR of the
L1-5UTR-eGFP and p53 dependent. Error
bars represent 95% confidence intervals.

5'UTR
cas9

aWT
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assignable sequences. Therefore, to ask whether p53
might regulate deposition of these marks, we took advan-
tage of the integrated L1-5'UTR-eGFP reporters with prim-
ers that uniquely detect this template (Fig. 3A) and, using
these, we conducted ChIP experiments to interrogate in-
ternal L1 promoter sequences. As seen in Figures 3D and
E, when p53 was absent H3K27 trimethylation was re-
duced by ~70% and, similarly, H3K9 trimethylation of
L1-5UTR-eGFP was reduced by 50% across the same re-
gion. Importantly, these p53-dependent patterns were spe-
cific to L1s, since we did not observe differential histone
methylation or expression at the canonical p53 target
genes p21 and puma (Fig. 3D,E; Supplemental Fig. S3H,1).

p53 directly binds and represses L1-5UTR

To determine how p53 regulates the deposition of repres-
sive histone marks at the L1-5UTR, we first assessed the
impacts of p53 on known retroelement repressive path-
ways. Importantly, expression levels of epigenetic modifi-
ers (Supplemental Fig. S4A,C), small RNA effectors
(Supplemental Fig. S4B,D), and piRNA precursors (Supple-
mental Fig. S4E, F) known to repress transposons were not
changed in p53 knockout cell lines. Indeed, the piRNA
pathway component piwil4 was modestly induced in
p53 knockout cells, consistent with a potential adaptive
response to hyperactive L1s in these cells. These results
indicate that transcriptional regulation of target genes

Transrepression of LINE1 by p53

coding for known effectors does not underlie p53 mediat-
ed L1 silencing, suggesting that p53 may directly bind and
repress these retrotransposons.

The L1 5'UTR contains three predicted p53 binding sites
(Smeenk et al. 2008; Harris et al. 2009; Heinz et al. 2010),
which we designated as sites I-1II (see Fig. 4A). Using in vi-
tro assays, Harris et al. (2009) demonstrated that purified
p53 protein bound a synthesized stretch of the L1 5UTR
(bases 427-523) containing both sites I and II. Site IIT was
informatically predicted (see the Materials and Methods).
To inspect potential p53 binding to the L1 5UTR, we con-
ducted ChIP assays in A375 cells containing the uniquely
identifiable L1-5'UTR-eGFP reporter. For assay validation,
we confirmed robust p53 binding signals at benchmark tar-
get genes (e.g., puma and p21) that were present in wild-
type samples but absent from p53 knockout cells (Supple-
mental Fig. S4G, H). As seen in Figure 4B, in these same ly-
sates we detected significant enrichment of p53 signal at
the L1 5’UTR (Harris et al. 2009). For these assays, we
used primer pairs specific for the L1 expression reporter
in the L1 5UTR and a negative control region at the
eGFP 3’ end (see Fig. 4B). Importantly, signals detected in
the 5'UTR in wild-type cells were absent from p53~/~ cells,
while signal detected at the negative control was similar in
both cell types. To identify specific sequences needed for
p53 binding, we produced a series of L1-5UTR-eGFP vari-
ants that separately eliminated sites I, I, or III (as illustrat-
ed in Fig. 4A). Furthermore, like the parental reporters,

Figure 4. p53 physically binds to repress
the L1-5UTR The schematic in A shows
empirically and computationally defined
p53 binding sites in the 5UTR of LI-
5'UTR-eGFP. Note that site I, site II, and
site Il were independently targeted for dele-
tion. (B) ChIP for p53 and control IgG per-
formed with illustrated primer pairs (1 and
2) that uniquely detect binding at the L1 re-
porter. Note the absence of signal in p53~/~
cells and at the L1-GFP negative control re-
gion spanning vector-derived sequences
(Ctrl primer pair). Error bars represent 95%
confidence intervals. (C) ChIP testing of
p53-binding site deletions indicated in A
along with the intact wild-type 5UTR inter-

A -
aavst [T \ AAVS
TGCCCAGGCTTGCTT ~ AGCTCGAACT AGGCCTGCCT
ACGGGTCCGAACGAA  TCGAGCTTGA TCCGGACGGA
2 Site | B w Siell o wSite lll 2
B C
7 10
6 s WT 589 ]
5 Wp53 -/ 7
34] 3 6]
IS g5
3] ® 4]
2 3
1] 2]
i 17
0 = jm| [t o [l i |j i [I]
4 1gG p53 1gG p53 IgG p53 4
L1-GFP L1-GFP L1-GFP I9G P53 |1gG pS3 | 1gG p53
Primer1 Primer2 (-) Ctrl 5UTR
. . .
- - <~
1 2 () Ctr
D E
@ | 5UTR 7
Q
6
. O ~
Sitelll 23 5
@ N
§5
g4
Sitell o5
ES 5z 3
® =
o £
a ) ag 2
w o
Sitel Ge ,
o
5UTR 0
D53

T TR T L | T
00 0 10° 10° 10 10

GFP fluorescence intensity

Site |

15UTR  sitel " sitell "Sitell 5UTR

IgG  ps3 val. Note, site I and site II contribute to p53

Site Il binding, but site III had no effect. Error bars
represent 95% confidence intervals. In D,
flow cytometry was used to detect for GFP
intensities in the intact and mutant L1-
5'UTR-eGFP reporters in A375 cells. Note
that sites I and site II are required for p53 re-
pression of the L1 expression reporter (see
Supplemental Fig. S4L for another biological
replicate). (E) Shows that corresponding
eGFP mRNA transcript levels mirror GFP
intensities seen in these same cells. Bar
graphs are averages of three biological repli-
cates. Error bars represent standard error of
the mean.

Site Il

p53+

GENES & DEVELOPMENT 1443


http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.343186.120/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.343186.120/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.343186.120/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.343186.120/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.343186.120/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.343186.120/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.343186.120/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.343186.120/-/DC1

Tiwari et al.

these were similarly targeted to the identical AAVSI site
and confirmed to a single copy of the L1-5UTR-eGFP re-
porter (Supplemental Figs. S3A, S4]). As seen in Figure
4C, deletion of sites I and II led to the complete loss of
p53 enrichment at the L1-5UTR, while deletion of site
IIT had no effect on p53 levels. p53 enrichment at the neg-
ative control eGFP 3’ end was similar across all cell lines
(Supplemental Fig. S41).

To determine the functional relevance of p53 binding to
the 5UTR we inspected L1-5UTR-eGFP expression in
these same cells, using flow cytometry. As seen in Figure
4D and Supplemental Figure S4L, site I or site II deletions
in the L1 5UTR produced eGFP peaks in wild-type cells
that were similar to those observed in p53~/~ cells. Dele-
tion of site III, in contrast, showed no such effect, produc-
ing eGFP peaks comparable with those observed in wild-
type cells expressing the intact reporter (Fig. 4D; Supple-
mental Fig. S4L). Similarly, deletion of sites I and II led
to increased eGEFP RNA (Fig. 4E) and protein (Supplemen-
tal Fig. S4K), while deletion of site Il had no effect on p53
repression. Together, these data expose cis sequences
within the 5UTR of L1 elements that mediate binding
to p53 as well as transcriptional repression by p53.

De novo rearrangements in p53~'~ cells are associated
with retroelements

Genomic instability is a hallmark of cancer, and is com-
monly associated with loss or mutation of p53 (for review,
see Fischen 2016). Using RNA sequencing data sets, we
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assessed the frequency of gene fusion transcripts, which
may be indicative of genomic rearrangements, in A375
wild-type and p53 knockout cell lines. Importantly, early
passage p53 knockout cells (<20 doublings) were used for
these experiments, enabling us to ask whether genomic
instability indicative of p53 mutant human cancers is rap-
idly induced by the loss of p53. We identified nine fusion
transcripts in p53 knockout A375 cell lines that were ab-
sent in the parental strain, together with 13 fusion tran-
scripts present in both parental and derived cell lines
(Fig. 5A). Both intrachromasomal (n = 5) and interchromo-
somal (n=4) fusions were observed (Supplemental Table
S4) indicating that genomic stability is rapidly compro-
mised following loss of p53.

To ask whether genomic rearrangements observed in
p53 knockout cells were associated with retroelement ac-
tivity, we inspected rearrangement junctions for the pres-
ence of repeat elements. Half (n=9 of 18) of the de novo
rearrangement breakpoints identified in A375 p53 knock-
out cells spanned an annotated retroelement, yet none of
the pre-existing rearrangements were associated with
retroelement sequences (Fig. 5B). Intriguingly, virtually
all (n = 8 of 9) of these were SINEs or LINEs (Fig. 5C; Supple-
mental Fig. S5A), suggesting that these elements may have
promoted the de novo rearrangements seen after p53 loss.
Importantly, these analyses also showed that transposable
element-initiated transcripts were not elevated in p53
knockout cell lines (Supplemental Fig. S5B), indicating
that p53 does not globally impact transcriptional proper-
ties or chromatin features.
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rental A375 cell line (gray lines). Repeat element proximity is indicated by red tiles (outer gray ring) along with annotations for rearrange-
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SINE (n =8 of 18 breakpoints), but not LTR or DNA repeat elements (n=1 of 18 breakpoints).
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Immune response programs are activated in p53~'~ cells

We interrogated RNA sequencing data sets from early pas-
sage (<20 doublings) A375 p53 knockout cells, allowing us
to assess the immediate-early consequences of p53 loss on
gene expression programs. For these studies, two indepen-
dent wild-type (WT-1 and WT-2) and two independent
mutant (A-2 and A-3) clones were used. In these RNA se-
quencing data sets, we identified 35 immunity related
gene ontology designated genes that were induced after
p53 loss (Fig. 6A). Importantly, we verified the induction
of a subset of these genes by RT-ddPCR in p53 knockout
clonal cell lines, A-1 and A-2 (Supplemental Fig. S6A).
To better understand which immune pathways were in-
duced in the absence of p53, we performed Gene Set En-
richment Analysis on our A375 RNA sequencing data
sets (Subramanian et al. 2005). We identified two immune
related gene sets that were induced at high significance (P
<0.001) in p53 knockout cells. Specifically, both the In-
flammatory Response gene set (Fig. 6B,D) and TNFa sig-
naling via NFKp gene set (Fig. 6C,E) were profoundly
enriched and, as seen in Supplemental Figure S6, B and
C, we confirmed a subset of these by RT-ddPCR. These
data suggest that induction of inflammatory pathways is
an early consequence of p53 loss in vivo, extending previ-
ous links between chronic immune activity and advanced
p53-driven cancers (Gudkov et al. 2011).

A LINE] reverse transcriptase antagonist reverses
immunity responses triggered by p53 loss

Results in Figures 1 and 6 establish that both retroelement
derepression and immune pathway activation are early
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consequences of p53 loss, raising the possibility that retro-
element activity could actually prompt immune activa-
tion in this context. Therefore, to test this possibility we
treated A375 wild-type and p53 knockout cells with lam-
ivudine (3TC), a potent L1 reverse transcriptase (RT) in-
hibitor (Jones et al. 2008; Dai et al. 2011; Banuelos-
Sanchez et al. 2019), or vehicle (DMSO) for 3 d (Fig. 7A).
We found that 3TC treatment of p53 knockout cells re-
turned expression of immunity related genes tlr7, Icn2,
itgb6, ifid41, and mmp1 to near wild-type levels (Fig. 7B,
cf. open and closed bars). Likewise, the induction of
Inflammatory or TNFa signaling genes cxcl8, pdedb, ser-
pinel, tnfsf15, and ereg was fully prevented by treatment
of p53 knockout cells with RT inhibitor 3TC (Fig. 7C,D).
Altogether, 10 of the 14 tested immune pathway genes in-
duced in p53 knockout cells were fully or substantially
rescued by treatment with 3TC (genes unaffected by
3TC are shown in Supplemental Fig. S7A). We further
note that induction of piwil4, which is thought to be an ef-
fector of the piRN As was also rescued to wild-type expres-
sion levels in 3TC-treated p53 knockout cells (see
Supplemental Fig. S7D,E). Importantly, 3TC did not affect
growth rates (Supplemental Fig. S7B,C) nor did it affect in-
duced L1-5UTR RNA transcript levels (Fig. 7E). Taken to-
gether, these results indicate that effectors downstream
from the L1 reverse transcriptase incite immune respons-
es after p53 loss.

Discussion

Here we established p53 as a conserved suppressor
of retroelements in unstressed human somatic cells.
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Immunity associated gene expression programs are induced upon p53 loss. RNA sequencing data sets from two wild-type (WT-

1 and WT-2) and two p53 knockout (A-2 and A-3) A375 cell lines were analyzed. The heat map in A displays genes more than fourfold
induced in p53 nulls compared with WT controls. Heat maps in B and C similarly represent inflammatory response (B) and TNFa signaling
(C) GSEA gene sets, as indicated. Gene set enrichment plots show highly significant enrichments scores for the inflammatory response (D)
and TNFa signaling (E) gene sets in p53 knockout A375 cell lines (P <0.001).
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matory gene sets but did not impact L1y RNAs.

Accordingly, we further showed that loss of this repressive
activity was permissive for L1 eruptions that triggered de-
stabilized genomes and inflammatory responses common-
ly seen in p53 mutant cancers (Gudkov et al. 2011; Eischen
2016). Using CRISPR methods we generated a series of p53
knockouts in diverse human cell lines and observed gener-
ally derepressed L1 activity in both cancer derived (e.g.
A375 and U20S cell lines) as well as normal lung tissue de-
rived HBEC3kt cells (Fig. 1). In p53 deficient cells, elevated
L1y, derived RNAs were also tightly correlated with ele-
vated ORF1 protein and de novo retroinserts (Fig. 2). This
effect impacted native and synthetic L1 variants that
were integrated and engineered for unique detection. No-
tably, derepression of individually identifiable L1 retroele-
ments was stochastic and varied between p53 mutant cell
lines (Supplemental Fig. S1A,B). Therefore, while p53 loss
isacondition thatis permissive for L1 eruptions, unknown
inciting factors also govern individual elements in this
context (Wylie et al. 2016b). Conceivably, p53 restriction
could target any step in the L1 retrotransposon lifecycle,
but several lines of evidence indicate that suppression oc-
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curs at the level of transcription. First, acute induction of
these transcripts occurred when p53 was removed (Fig. 1)
yet known retroelement silencers were not affected (Sup-
plemental Fig. S4A-F). Second, the internal L1y promoter
region conferred p53 regulation when fused to reporter
templates (Fig. 3B,C). Third, the deposition of repressive
histone marks at the internal L1y promoter region was
clearly p53 dependent (Fig. 3D,E). Together, these results
strongly indicate that p53 prevents L1 expression by pre-
venting L1 transcription.

To test the possibility of direct transrepression by p53 at
the internal L1 promoter region, we functionally tested
three distinct p53 binding sites by independently eliminat-
ing each. Two sites, (sites I and IT) were clearly essential for
binding and repression while a third site (site III) was dis-
pensable for both (Fig. 4C). Surprisingly, loss of either
site I or site Il completely disrupted binding and complete-
ly abolished repression, suggesting that sites I and II are
concurrently needed (Fig. 4D,E; Supplemental Fig. S4K,
L). This “all-or-none” property suggests that cooperative
p53 binding could mediate direct transrepression at the
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internal L1 promoter. Interestingly, Harris et al. (2009) in-
spected these same p53 sites and found that site I, but not
site IT, was needed for stimulus-dependent transcriptional
induction. Therefore, a single site can produce opposing
outputs and it is likely that additional unknown factors
specify the direction of activity in vivo. Several technical
considerations could also account for our departures
from Harris et al. (2009). For example, Harris et al. (2009)
used transient cotransfections to follow episomal report-
ers as p53 was overexpressed, yet here we tracked integrat-
ed reporters after p53 was removed. Second, the reporters
in Harris et al. (2009) lack ~100 bp of the L1 promoter re-
gion we used here. Third, Harris et al. (2009) conducted
theirassaysin HCT116 cells, which, for unknown reasons,
was the only line of four tested here that did not show L1
derepression after p53 loss. Despite these differences,
p53 clearly engages the internal promoter of these transpo-
sons and, accordingly, future studies may identify instruc-
tive mechanisms that specify inductive versus repressive
outcomes.

p53 is commonly studied as a stress-responsive transac-
tivator (Lane and Levine 2010; Chen 2016) and, within this
framework, down-regulation of target genes is widely con-
sidered to be a secondary effect (for review, see Sullivan
et al. 2018). In certain stimulus-dependent contexts, the
occlusion of positive transcription factors has been sug-
gested to account for p53 suppression (Bargonetti et al.
1997; Ori et al. 1998; St Clair et al. 2004) but, to our knowl-
edge, the findings presented here constitute the first exam-
ple of direct and constitutive transrepression mediated by
p53 in unstressed cells. Indeed, our data showing that p53
binds and recruits repressive histone marks to LINE1s but
not to canonical transactivation targets such as p21 and
puma (Fig. 3D,E; Supplemental Figs. S3H,I, S4G,H) are in-
consistent with a simple occlusion model of p53 gene re-
pression. Further work is needed to establish precise
mechanisms and explore perhaps whether regulatory
RNAs and/or physical interactions with epigenetic modi-
fiers are involved. Since direct tonic repression accounts
for p53-mediated suppression of LINEls, and since these
transposons appear to constitute drivers that remodel can-
cer genomes and incite immune responses (Lee et al. 2012;
Tubio et al. 2014; Rodriguez-Martin et al. 2020), these ob-
servations could have important implications for under-
standing p53 tumor suppression.

Consistent with this hypothesis, studies in Figures 5-7
illustrate how derepressed retrotransposons present acute
oncogenic threats that are typically associated with p53
loss. The prevalence of homologous recombination seen
in Figure 5 is one compelling example since, unlike pre-
existing alterations, the chromosomal rearrangements oc-
curring after p53 removal were highly associated with ret-
roelements at their junctions (Fig. 5). Furthermore, these
de novo rearrangements occurred within 20 cell doublings
after CRISPR editing, raising the possibility that p53 con-
tinually acts to suppress homologous recombination be-
tween distal retrotransposon sequences. Consistent with
this possibility, chromatin features are indeed important
determinants of recombination frequency (Stapley et al.
2017) and, as seen in Figure 3, D and E, we showed that

Transrepression of LINE1 by p53

P53 acts to maintain repressive chromatin marks at
LINEI1s. Hence, facilitated recombination mediated by de-
repressed retroelements could represent important early
events that destabilize genomes after p53 loss.

Other oncogenic threats posed by L1s relate to inflam-
matory responses (Leonova et al. 2013; Brégnard et al.
2016; Saleh et al. 2019) and two lines of evidence here
show that hyperactive L1s elicit acute inflammatory tran-
scriptional programs in the absence of p53. First, consis-
tent with previous reports (Gudkov et al. 2011)
retroelement derepression and immune gene induction
both occurred rapidly and simultaneously after p53 loss
(Fig. 6). Second, treatment with 3TC definitively prevent-
ed the induction of nearly all inflammatory genes (Fig. 7).
Since 3TC is a potent inhibitor of the L1 reverse transcrip-
tase (Jones et al. 2008; Dai et al. 2011; Banuelos-Sanchez
et al. 2019), these results indicate that L1s can drive in-
flammatory genes when p53 is abolished. Furthermore,
these results also suggest that the trigger eliciting immune
signatures lies downstream from the LINE1 enzyme and
could possibly involve RNA-DNA hybrids and/or the in-
tegration process itself. Taken together, these studies es-
tablish direct transrepression of human L1 transposons
as a constitutive p53 function that, if compromised, pro-
motes oncogenic features seen in p53 driven cancers.

Materials and methods

Generation of p53 knockout cells using CRISPR Cas9

CRISPR cas9 editing (pX458) was used to generate p53 knockout
cell lines. p53 knockout clones were identified by Western blot
using p53 monoclonal DO-1 (sc-126) and Sanger sequencing
was performed to determine the nature of each p53 knockout al-
lele. L1-ORFlp expression levels were examined using anti-L1-
ORFlp antibodies. Fiji software (Schindelin et al. 2012) was
used to measure the band intensities of LIORFlp and p-actin
from Western blot experiments.

Generation of huAAVS1 targeted L1-5 UTR-EGFP reporter cells

The WT L1 5UTR and 5UTR sites I, II, and III deletion mutants
were cloned at the Fsel and Afel sites of the huAAVSI1-egfp-Hyg
donor plasmid (kind gift from Joshua Mendel laboratory, Univer-
sity of Texas Southwestern). Cells were transfected with
huAAVSI-TALENL (Addgene 59025, huAAVSI-TALENR
(Addgene 59026), and donor plasmids. Three days after transfec-
tion, GFP positive single cells were sorted into 96-well plates
by FACS. Once confluent, targeted knock-in was verified using
PCR primers indicated in Supplemental Table S5. Detailed meth-
ods are in the Supplemental Material.

FACS analysis

All FACS analyses were performed on an LSR Fortessa SCC using
equal numbers of cells. Live-dead gating was performed based on
forward scatter versus side scatter profile. Data analysis and per-
cent GFP-positive cell counts were performed in FloJo. When an-
alyzing GFP signals, untransfected (see Supplemental Fig. S3F,G)
cells were used for the baseline gating to identify EGF-positive
cells. EGFP fluorescence intensity of WT-L15UTR-EGFP cells
was used to create a second gating to identify bright GFP-positive
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cells in p53~/~- L15'UTR-EGFP samples (see Supplemental Ta-
bles S2, S3).

3TC experiment

WT and p53 knockout A375 cells were treated with DMSO or 10
pM 3TC for 72 h.

RNA expression

Total RNA was extracted with TRIzol (Invitrogen), followed by
DNAse treatment using Turbo DNase (Ambion). Droplet digital
PCR (ddPCR) was performed using Bio-Rad’s EvaGreen system.
Gene expression was normalized to f-actin expression, and fold
induction was calculated relative to the wild type. See Supple-
mental Table S5 for the primer sequences used in ddPCR
experiments.

Retrotransposition assay

Cells (2 x 10°) were transfected with equal amounts of 99-GFP-
LRE3 plasmid, as described previously (Ostertag et al. 2000). After
72 h, cells were selected for puromycin resistance. Flow cytome-
try was used to determine the percentage of EGFP-positive cells
9-10d after transfection. For GFP integration assays, 2 ug of geno-
mic DNA from each sample was digested for 1 h with EcoRI (NEB)
followed by ddPCR using primers detecting unspliced GFP as in-
dicated in Supplemental Table S5. To calculate relative retro-
transposition rate, ddPCR was performed on genomic DNA
using primers detecting spliced EGFP (see Supplemental Table
S5) and normalized against the single-copy gene puma. Detailed
methods are in the Supplemental Material.

Statistical analysis

All quantitative data were collected from experiments performed
in two to three biological replicates. Two-tailed Student’s t-tests
were performed to identify statistically significant difference
(cutoff P<0.05).

RNA sequencing and data analysis

RNA was extracted from A375 wild-type or A375 p53~/~ cells us-
ing Trizol (Invitrogen) followed by DNase treatment using Tur-
boDNase (Ambion). Samples with RNA integrity scores >9.0,
was used for sequencing. Sequencing libraries were prepared fol-
lowing the manufacturer’s instructions (NEB E7750S with poly
(A enrichment module NEB E7490S) and sequenced on an Illu-
mina NextSeq to an average sequencing depth of 40 million 150-
bp paired-end reads per sample. Reads were aligned to the hg38 as-
sembly of the human genome with STAR (Dobin et al. 2013).
HTseq counts tables were used as input to perform normalization
and differential gene expression analysis with Deseq?2 (Love et al.
2014; Anders et al. 2015). STAR-Fusion was used to identify po-
tential gene fusion products (Haas et al. 2017). Gene ontology an-
notations were performed using the DAVID online resource
(Huang da et al. 2009a,b). GSEA analyses were performed using
the h.all.v7.0.symbols.gmt gene set (Subramanian et al. 2005).
Retroelement expression levels were determined using a custom-
ized pipeline adapted from (Wylie et al. 2016b). LIONS analytical
pipeline was used to measure transposon initiated transcription
(Babaian et al. 2019). RNA sequencing data sets were deposited
with the Gene Expression Omnibus (GEO) database under acces-
sion number GSE159134. Detailed methods are in the Supple-
mental Material.
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p53-binding site prediction

Putative binding sites within the L1 5UTR were bioinformati-
cally identified using the p53scan program (Smeenk et al. 2008)
and Homer’s scanMotifGenomeWide module (Heinz et al.
2010). Individual p53 motif files for right and left p53 consensus
decamers were used for motif detection.

ChIP ddPCR

Chromatin immunoprecipitation protocol was adapted from Car-
ey et al. (2009). Briefly, A375 cells were fixed with 1% formalde-
hyde, quenched with glycine, and nuclear lysates were prepared.
DNA was sheared to an average of 300-700 bp with a Covaris Son-
icator (5 min, 200 cpb, intensity 5). Sonicated lysate was diluted
1:10, aliquoted, and incubated overnight with antibody. Anti-
body-bound chromatin was precipitated with 25 uL of protein
A/G beads (EMD Millipore IP0515ML). Eluted chromatin was
treated with RNase and proteinase K, cross-links were reversed,
and samples were purified by standard phenol:chloroform extrac-
tion and ethanol-precipitated. ChIP enrichment was quantified by
ddPCR with EvaGreen (Bio-Rad 1864034) on a QX200 droplet
reader (Robin et al. 2014; Wylie et al. 2016b). Antibodies used in
these experiments included p53 ChIP (Santa Cruz Biotechnology
sc-126), IgG (Diagenode C15400001), H3 (Abcam abl1791),
H3K27m3 (Active Motif 39155), and H3K9m3 (Diagenode
C15410058). Detailed materials and methods are in the Supple-
mental Material.
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