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Cattle are an important livestock species, and mapping the genomic architecture of agriculturally relevant traits such as dis-

ease susceptibility is a major challenge in the bovine research community. Lineage-specific transposable elements (TEs) are

increasingly recognized to contribute to gene regulatory evolution and variation, but this possibility has been largely un-

explored in ruminant genomes. We conducted epigenomic profiling of the type II interferon (IFN) response in bovine cells

and found thousands of ruminant-specific TEs including MER41_BT and Bov-A2 elements predicted to act as IFN-inducible

enhancer elements. CRISPR knockout experiments in bovine cells established that critical immune factors including IFNAR2
and IL2RB are transcriptionally regulated by TE-derived enhancers. Finally, population genomic analysis of 38 individuals

revealed that a subset of polymorphic TE insertions may function as enhancers in modern cattle. Our study reveals that

lineage-specific TEs have shaped the evolution of ruminant IFN responses and potentially continue to contribute to immune

gene regulatory differences across modern breeds and individuals. Together with previous work in human cells, our

findings demonstrate that lineage-specific TEs have been independently co-opted to regulate IFN-inducible gene expression

in multiple species, supporting TE co-option as a recurrent mechanism driving the evolution of IFN-inducible transcription-

al networks.

[Supplemental material is available for this article.]

Modern cattle were domesticated 10,000 years ago and are an
important livestock species (Troy et al. 2001; Orozco-terWengel
et al. 2015). Cattle exhibit extensive phenotypic diversity, with
over 1000 recognized breeds and closely related subspecies.
Understanding the evolution and genetic basis of bovine biology,
including traits involved in production and disease susceptibility,
is a major challenge in the agricultural research community.
However,most bovine genomic studies have focused on the effects
of single nucleotide variants or small insertions and deletions
(Littlejohn et al. 2016; Bouwman et al. 2018; Xiang et al. 2021).
Transposable elements (TEs) could potentially have an important
role shaping bovine variation and evolution, but with a few excep-
tions identified by genetic trait mapping (Girardot et al. 2006;
Albrecht et al. 2012; Menzi et al. 2016; Schütz et al. 2016; Liang
et al. 2021; Trigo et al. 2021), the impact of TE-derived structural
variation on bovine biology remains largely unexplored.

Here, we investigated the significance of TEs on bovine biol-
ogy, focusing on their capacity to act as gene regulatory elements.
Epigenomic studies have revealed that TEs are amajor source of cis-
regulatory elements and have been repeatedly co-opted to regulate
the expression of host genes (Chuong et al. 2016; Fuentes et al.
2018; Ye et al. 2020). The cattle genome harbors numerous rumi-
nant-specific retrotransposons including bovine endogenous ret-
roviruses (ERVs) and the BovB retrotransposon (Garcia-Etxebarria
and Jugo 2013; Ivancevic et al. 2018), which makes up over 25%
of the cattle genome (Adelson et al. 2009). Ruminant-specific ret-
rotransposons have recently been documented to show evidence
of regulatory activity (Young et al. 2018; Halstead et al. 2020),
but their consequences on bovine gene regulation are unknown.

To study the contribution of TEs to bovine gene regulation,
we focused on the transcriptional network underlying the type II
interferon (IFN) response. We previously discovered that pri-
mate-specific TEs have been co-opted as enhancers that regulate
antiviral IFN-stimulated genes (ISGs) (Chuong et al. 2016). Given
that innate immune responses show high interspecies variation
(Shaw et al. 2017; Bush et al. 2020), we hypothesized that rumi-
nant-specific TEs may have been independently co-opted to facil-
itate immune regulatory evolution in cattle. We therefore
conducted epigenomic profiling of the bovine response to interfer-
on gamma (IFNG) usingMDBK cells, a model bovine cell line used
to study innate immunity (Barreca and O’Hare 2004; Fay et al.
2020).

Results

Ruminant-specific retrotransposons contribute IFNG-inducible

regulatory elements

To explorewhether TEs contribute to bovine immune gene regula-
tion, we conducted epigenomic profiling of the bovine type II IFN
response (Fig. 1A). We used RNA-seq to profile the transcriptional
response to recombinant bovine IFNG in multiple cell types, in-
cluding monocytes, leukocytes, B lymphocyte line BL3.1 cells,
and kidney epithelial MDBK cells. We identified a total of 4192
IFNG-stimulated genes showing inducible expression in at least
one profiled cell type, with 298 shared across all cell types includ-
ing canonical ISGs (Fig. 1B,C; Supplemental Fig. S1; Supplemental
Tables S1, S2). In parallel, we conducted chromatin profiling of
IFNG-stimulated and untreated MDBK cells using ATAC-seq and
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Figure 1. Epigenomic profiling of the bovine type II IFN response. (A) Schematic of experimental design. Created with BioRender.com. (B) Venn diagram
of ISGs as defined by RNA-seq from MDBK, BL3.1, monocytes, and leukocytes. (C) MA plot of ISGs (blue) and IRGs (orange) fromMDBK RNA-seq. Genes
with an FDR <0.05 are shown in gray, and canonical ISGs are labeled. (D) Genome Browser view of the CIITA locus. MDBK RNA-seq, ATAC-seq, and
CUT&RUN tracks are CPM-normalized. CUT&RUN tracks for POLR2A, STAT1, and phosphorylated STAT1 pulldowns are colored by aligned fragments
≤150 bp (dark blue) and >150 bp (light blue). The H3K27ac tracks correspond to all aligned fragments. Predicted IFNG-inducible enhancers are shown.
Signal track maxima are indicated to the right of each track. (E) Heat maps showing CPM-normalized MDBK CUT&RUN signal over IFNG-inducible
H3K27ac (n = 1737) peaks sorted by ascending FDR. Bottommetaprofiles depict average normalized CUT&RUN signal across loci. (F) Frequency histogram
of absolute distances from each MDBK peak to the nearest MDBK ISG. (ISG) Interferon-stimulated gene.
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CUT&RUN with antibodies against H3K27ac, phosphorylated
RNA polymerase II subunit A (POLR2A; Entrez gene ID 282312),
total STAT1, and phosphorylated STAT1 (Supplemental Tables
S3, S4). Successful antibody targeting of bovine STAT1 was validat-
ed by recovery of Gamma-interferon Activated Site (GAS) and IFN-
Stimulated Response Element (ISRE) motifs in peaks called from
IFNG-stimulated pulldowns (Supplemental Table S5).

We next used our MDBK CUT&RUN chromatin profiling
data to predict the locations of IFNG-inducible enhancers,
based on a significant increase in H3K27ac signal coverage. Exam-
ination of chromatin profiles at known ISGs such as CIITA con-
firmed IFNG-inducible signal at predicted enhancers (Fig. 1D;
Supplemental Fig. S2A). We also observed robust transcriptomic
and epigenomic induction of TLR4 (Entrez gene ID 281536),
which has not been widely identified as a canonical ISG in mouse
and primate lineages and may represent an example of a lineage-
specific ISG (Supplemental Figs. S2B, S3). Using DESeq2, we iden-
tified 1737 elements with significantly increased H3K27ac read
coverage across replicates (Supplemental Table S4). Consistent
with IFNG-inducible enhancer activity, these elements displayed
increased levels of chromatin accessibility, binding by total and
phosphorylated STAT1, and POLR2A (Fig. 1E). These trends
were not observed for elements with constitutive or decreased
H3K27ac signal (Supplemental Fig. S4). Our set of predicted
IFNG-inducible elements were also enriched for GAS and ISREmo-
tifs predicted to bind STAT and IRF transcription factors (Supple-
mental Table S5), consistent with their activation by IFNG
stimulation (Ivashkiv 2018). To ask whether these IFNG-inducible
elements are enriched near ISGs, we focused on matched MDBK
RNA-seq data, as previous work by others in mouse and human
has shown that the cellular response to IFNG is cell type–specific
(van Boxel-Dezaire and Stark 2007). Inducible elements are local-
ized near MDBK ISGs (Fig. 1F) but not interferon-repressed genes
(IRGs) or nonresponsive genes (Supplemental Fig. S5), compared
to noninducible enhancers or random genomic regions, showing
strong enrichment within 20 kb of ISGs (P=3.8 × 10−300) com-
pared to nonresponsive elements (P=2.0 ×10−58) and randomly
shuffled genomic regions (P=0.72). Additionally, we leveraged
publicly available Hi-C data from a Brangus cattle individual
(Low et al. 2020) along with ATAC-seq and H3K27ac CUT&RUN
data fromMDBK cells to predict enhancer–gene interactions using
the Activity-by-Contact (ABC) model (Supplemental Methods;
Fulco et al. 2019). Using amore relaxed set of 5933 IFNG-inducible
H3K27ac regions, 2415 (40.7%) were identified as potential en-
hancers for 1392 ISGs (Supplemental Table S6). These analyses in-
dicate that our epigenomic data set successfully captured inducible
genes and regulatory elements underlying the type II IFN response
in MDBK cells.

We next askedwhat fraction of predicted IFNG-inducible reg-
ulatory elements were derived from TEs. We defined IFNG-induc-
ible regulatory elements based on H3K27ac signal and used
open chromatin peak summits to refine the location of regulatory
elements due to the broad nature of H3K27ac enrichment
(Supplemental Methods). Out of 4198 IFNG-inducible regulatory
elements, we found that 1658 (39.5%) have peak summits residing
within ruminant-specific TEs (Fig. 2A; Supplemental Table S7),
which is in line with previous epigenomic analyses in human
and mouse cells (Sundaram et al. 2014; Chuong et al. 2016). In
contrast, fewer (1065/5042, or 21.1%) of noninducible or down-
regulated elements were derived from TEs, suggesting that TEs
play a pronounced role in shaping the epigenome during immune
stimulation. TE-derived inducible enhancers also showed strong

colocalization with ISGs (Supplemental Fig. S6), consistent with
a role in inducible gene regulation.

Wenext usedGIGGLE (Layer et al. 2018) to determinewheth-
er any specific TE families were significantly overrepresented with-
in the set of predicted IFNG-inducible enhancers (Methods). We
found that the MER41_BT and Bov-A2 TE families were strongly
overrepresented within regions showing IFNG-inducible levels
of H3K27ac and STAT1 (Fig. 2B,C; Supplemental Fig. S7; Supple-
mental Table S8). At a genome-wide level, MER41_BT and Bov-
A2 elements show inducible levels of H3K27ac, as well as increased
binding of POLR2A and STAT1 (Fig. 2D). These families contain
perfect and partial matches to GAS or ISRE binding motifs within
their consensus sequences and in most intact extant copies (Fig.
2E,F), indicating that MER41_BT and Bov-A2 elements are an
abundant source of STAT1 binding sites in the bovine genome.

Co-option of the MER41_BT elements to regulate IFNG-inducible

immune gene expression

We next focused on investigating the regulatory impact of
MER41_BT, a ruminant-specific ERV represented by 5491 LTR ele-
ments in the cattle genome (Supplemental Fig. S8A). A previous
study has shown that some MER41_BT elements harbor binding
sites for several pluripotency factors and are enriched for open
chromatin in bovine eight-cell embryos (Halstead et al. 2020).
However, the activity of endogenous MER41_BT elements has
not previously been implicated in bovine immunity.We previous-
ly demonstrated that the MER41_BT consensus could drive IFNG-
inducible reporter expression in HeLa cells; however, we now
sought to determine whether endogenous MER41_BT elements
exhibit robust regulatory potential in the context of the bovine ge-
nome (Chuong et al. 2016). Of the 5491 MER41_BT elements an-
notated in the reference genome, 1071 contain at least one
significant match to the GAS motif (P<1 ×10−4). Our epigenomic
analysis of MDBK cells revealed that many MER41_BT elements
showed canonical signs of IFNG-inducible enhancer activity, in-
cluding inducible levels of H3K27ac, POLR2A, STAT1, and
phosphorylated STAT1 (Fig. 2D). A total of 107 MER41_BT ele-
ments show some evidence of inducible regulatory activity in
MDBK cells, 45 of which are located within 250 kb of an ISG
(Supplemental Table S9). These observations suggest that a subset
of MER41_BT elements may functionally contribute to the regula-
tion of bovine ISGs.

We next asked whether individual MER41_BT elements func-
tion to regulate important immune genes in bovine cells. We first
investigated aMER41_BT element located 41 kb upstreamof IL2RB
(Entrez gene ID 104968644), designated MER41_BT.IL2RB, which
encodes a membrane-bound receptor for the interleukin 2 (IL2)
and interleukin 15 (IL15) signaling pathways. IL2RB exhibits in-
ducible expression in IFNG-stimulatedMDBK cells andmonocytes
in addition to LPS-stimulated bone marrow–derived macrophages
(BMDMs), suggesting that this element may regulate IL2RB (Fig.
3A). In addition to potentially acting as an enhancer for IL2RB,
the MER41_BT element appears to act as a promoter for a
bovine-specific transcript annotated in RefSeq as LOC510185
(Entrez gene ID 510185). Consistent with the predicted inducible
activity of the MER41 element, the LOC510185 transcript exhibits
IFNG-inducible expression inmultiple bovine cell lines and prima-
ry cells, includingmonocytes, leukocytes, the BL3.1 B lymphocyte
cell line, and MDBK cells (Fig. 3B,C). Additionally, LOC510185 is
robustly expressed in LPS-stimulated BMDMs and alveolar macro-
phages infected with Mycobacterium bovis (Fig. 3B; Young et al.
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2018; Hall et al. 2020). Whereas the function of LOC510185 is un-
known, it arose froma recent tandem segmental duplication of the
IL2RB locus, and its predicted open reading frame retains only the
extracellular ligand binding domain of IL2RB (Supplemental Fig.
S9). We aligned the IL2RB and LOC510185 protein sequences

and calculated the estimated time of duplication using the rate
of nonsynonymous mutation (Supplemental Fig. S10). This re-
vealed that the duplication occurred ∼34.1 mya, suggesting that
the duplication occurred after the divergence of Tragulidae and
Pecora (CI 40–48 mya) (Supplemental Methods; Kumar et al.
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Figure 2. Contribution of ruminant-specific TEs to the IFNG-inducible regulatory landscape. (A) Proportion of IFNG-inducible (n = 4198), IFNG-down-
regulated (n = 1548), and nonresponsive H3K27ac peaks (n = 3494) where the internal ATAC-seq summit overlaps a TE. (B) Volcano plot visualizing family-
level TE enrichment for IFNG-inducible H3K27ac. TE families with a Fisher’s two-tailed P-value < 0.05 were defined as enriched (blue) or depleted (green)
based on the reported odds ratio. Nonsignificant families are shown in gray. (C) Family-level TE enrichment for IFNG-inducible STAT1 peaks, as in B. (D)
Heat maps showing normalizedMDBK ATAC-seq and CUT&RUN signal over IFNG-inducible MER41_BT (n = 101) and Bov-A2 (n = 11928) elements sorted
by descending mean CPM-normalized signal. (E) Schematic of IFNG-associated motifs within the MER41_BT consensus and extant sequences (n = 1651)
filtered for those that are at least 50% of full length relative to the consensus and sorted by descending CPM-mean normalized signal. Bottommetaprofile
represents average signal across all elements. (F) Schematic of motifs as in E but across 140355 Bov-A2 elements, filtered for those within 5% of full length
relative to the consensus. Heatmap intensity corresponds tomotif matches based on the log likelihood ratio. Partial matches are shown in light blue or light
red, and the numbers in parentheses represent the position of each predicted motif in the consensus sequence.
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Figure 3. Co-option of a MER41_BT element for IL2RB and LOC510185 regulation. (A) DESeq2-normalized counts showing immune-stimulated expres-
sion for IL2RB from MDBK (n = 3), BL3.1 (n =3), monocytes (n = 2), leukocytes (n =3), alveolar macrophages (AM, n=3 untreated, n = 4 stimulated), and
bone marrow–derived macrophages (BMDM, n=4). Treatments are indicated by color. (∗∗∗) FDR<0.0001, (∗) FDR<0.01. Error bars denote SEM. (B)
Normalized counts as in A but for LOC510185. (C) Genome Browser view of IL2RB and LOC510185. MDBK RNA-seq, ATAC-seq, and CUT&RUN tracks
are CPM-normalized. CUT&RUN signal profile tracks for POLR2A, STAT1, and pSTAT1 pulldowns were generated using subnucleosomal fragments
≤150 bp (dark blue) as well as larger fragments >150 bp (light blue). MER41_BT.IL2RB (Chr 5: 75,591,298–75,591,607) is highlighted in gray.
Predicted IFNG-inducible enhancers are shown. Values on the right of each track correspond to signal maxima. (D) RT-qPCR of LOC510185 and IL2RB ex-
pression levels in control (n = 5), MER41_BT.IL2RB (n = 3), andMER41_BT.IFNAR2 (n= 4)MDBK clonal cells after IFNG treatment. Data points denote clonal
replicates. (∗) P<0.05, (∗∗) P<0.001, (∗∗∗) P<0.0001, Student’s t-test. (E) RNA-seq gene expression differences caused by the MER41_BT.IL2RB deletion
within a 5-Mb window centered on the deletion site (box not to scale), after IFNG-stimulation. Significantly up-regulated (blue) and down-regulated (or-
ange) genes within 500 kb of the element are labeled. (AM) Alveolar macrophage, (BMDM) bone marrow–derived macrophage.
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2017). To this end, we confirmed the presence of a LOC510185
ortholog in pecorans but not camelids, pig, or whippomorphs
(Supplemental Table S10). The widespread inducible expression
of LOC510185 in bovine cells suggests it may function as a bo-
vine-specific factor involved in IL2 or IL15 signaling.

To experimentally characterize the potential promoter and
enhancer activity of MER41_BT.IL2RB, we used CRISPR-Cas12a
to delete the element in MDBK cells and determine its impact on
gene expression. AlthoughMDBK cells are an immortalized kidney
cell line where IL2RB is only weakly expressed, transcriptomic ev-
idence from primary immune cells suggests that inducible IL2RB
and LOC510185 expression is physiologically relevant. To specifi-
cally test regulatory activity, we deleted a region immediately up-
stream of the predicted LOC510185 transcriptional start site that
harbors a STAT1 binding site (Methods). We recovered three se-
quence-validated independent clones carrying homozygous dele-
tions of MER41_BT.IL2RB (Supplemental Fig. S11) and profiled
the IFNG responses for each clone using RT-qPCR and RNA-seq
(Fig. 3D; Supplemental Fig. S12; Supplemental Table S11). We ob-
served a reduction in IFNG-stimulated expression levels of both
IL2RB (qPCR P=0.11; RNA-seq FDR=0.0011) and LOC510185 (P
=9.8 ×10−5; FDR=1.7 ×10−10) upon deletion of MER41_BT.IL2RB
(Fig. 3D,E; Supplemental Fig. S12). Deletion of another MER41 el-
ement upstream of the IFNAR2 locus had no impact on IL2RB or
LOC510185 expression (Fig. 3D). Clonal cells harboring the
MER41_BT.IL2RB deletion still exhibit increased IFNAR2 expres-
sion in response to IFNGby RT-qPCR, indicating that the global re-
sponse to IFNG remained intact (Fig. 4C). Despite seeing a
significant reduction in IL2RB expression in IFNG-stimulated cells
harboring the MER41_BT.IL2RB deletion, the ABC model did not
identify the MER41_BT.IL2RB element as a potential regulator
for IL2RB (Supplemental Table S6). However, we visually con-
firmed that MER41_BT.IL2RB and IL2RB fall within the same 1-
Mb domain by Hi-C (Supplemental Fig. S13A). Together, these re-
sults show that a specific MER41_BT element functions as an
IFNG-inducible promoter of LOC510185 and may function as an
IFNG-inducible enhancer of IL2RB inMDBK cells. However, induc-
ible IL2RB expression in primary bone marrow–derived macro-
phages and MDBK cells (Fig. 3A), albeit statistically significant, is
relatively low andmay not indicate functional protein expression.
Although we wished to confirm the function of MER41_BT.IL2RB
in cells expressing functional IL2RB, we were unable to identify a
suitable cell line. Further investigation is required to determine
whether MER41_BT.IL2RB functionally regulates IL2RB and
LOC510185 protein expression.

We next characterized a separate MER41_BT element located
19 kb upstream of the gene IFNAR2 (MER41_BT.IFNAR2), which
encodes a membrane-bound receptor mediating type I interferon
signaling. Bovine IFNAR2 shows IFNG-inducible expression in leu-
kocytes, MDBK cells, and BL3.1 cells (Fig. 4A). IFNAR2 expression
is also induced in alveolar macrophages challenged with M. bovis
and LPS-stimulated BMDMs (Fig. 4A). The predicted upstream
MER41_BT.IFNAR2 element shows inducible enhancer activity
in MDBK cells and is the top predicted enhancer for IFNAR2 ac-
cording to the ABC model (Fig. 4B; Supplemental Table S6). Addi-
tionally, MER41_BT.IFNAR2 and IFNAR2 appear to fall in the same
1-Mb chromatin domain by visual inspection of the Hi-C contact
map (Supplemental Fig. S13B). To test whether this element regu-
lates bovine IFNAR2, we used CRISPR-Cas12a to delete a region
containing a STAT1 binding motif within the MER41_BT.IFNAR2
element (Supplemental Fig. S14). We isolated four independent
clones carrying the GAS deletion and profiled the IFNG response

in each clone using RT-qPCR (Fig. 2C). We also performed RNA-
seq on two of these four clones (Supplemental Fig. S15B; Supple-
mental Table S11). We found that IFNAR2 was still inducible by
IFNG stimulation but showed significantly reduced expression
compared to control cells (P= 0.0044; FDR=2.4 ×10−6) and cells
independently harboring the MER41_BT.IL2RB deletion (Fig.
4C,D; Supplemental Fig. S15B). We also found that the nearby
interferon gamma receptor gene IFNGR2 showed significantly re-
duced expression under IFNG stimulation (FDR=2.6 ×10−8) (Fig.
4D; Supplemental Fig. S15A,C), indicating that deletion of the
MER41_BT element affected the expression of multiple genes.
We did not observe complete ablation of inducible IFNAR2 or
IFNGR2 expression, potentially due to the presence of nearby
IFNG-inducible enhancers that could compensate for the deletion
(Fig. 4B). These results demonstrate that MER41_BT.IFNAR2 func-
tions as an enhancer that contributes to IFNG-inducible regulation
of IFNAR2 and IFNGR2 in MDBK cells.

TEs contribute to evolutionary diversification of ruminant

immune responses

Having established that a subset of ruminant-specific TEs function
to regulate ISGs in bovine cells, we next examined their impact on
ruminant genome evolution. TheMER41_BT familywas originally
annotated as a bovine-specific ERV belonging to the MER41-like
family of ERVs, which are present in several other lineages, includ-
ing primates and carnivores (Bao et al. 2015). MER41-like ERVs
from different lineages exhibit high sequence similarity, consis-
tent with independent germline integrations by a retroviral line-
age that underwent multiple cross-species transmissions (Zhuo
and Feschotte 2015). To better resolve the timing of MER41_BT
emergence, we re-annotated repeats in the assembled reference ge-
nomes of 30 mammals including 19 cetartiodactyl species
(Supplemental Table S12), using a uniform set of MER41-like con-
sensus sequences (Methods). Based on the presence and abun-
dance in each species clade, we estimated when each MER41
family originated (Fig. 5A). This confirmed that primate MER41
and bovine MER41_BT arose from separate germline integration
events and revealed that MER41_BT elements are present in all
Cetruminantia species. MER41_BT elements derive from an ances-
tral MER41-like retrovirus that integrated into an ancestral cetar-
tiodactyl genome roughly 70 mya, prior to the divergence of
Camelidae and Artiofabula (Fig. 5B). This estimate coincides
with the emergence of primate MER41 elements after the diver-
gence of anthropoid primates from prosimian lineage roughly 70
mya, consistent with a scenario where primate and ruminant
MER41 derive from a common ancestral retroviral lineage.

We next used synteny analysis to determinewhether individ-
ual MER41_BT insertions were conserved across Cetruminantia
species. We asked whether each annotated element in the cattle
genome, along with flanking sequence, was present in the ge-
nomes of select cetartiodactyl species (Supplemental Methods).
This revealed that themajority of insertionswere poorly conserved
across cetruminant species (Supplemental Table S13), suggesting
thatMER41_BTmayhave continued to propagate in host genomes
as cetruminant lineages diverged. However, further investigation
will be required to more directly identify clade-specific insertion
sites to assess the extent of MER41 diversification. Given our evi-
dence that MER41_BT influences gene regulation in cattle, it is
possible that lineage-specific insertions of MER41_BT elements
have contributed to gene regulatory diversification across cetrumi-
nant lineages.

Regulation of bovine immunity by retrotransposons

Genome Research 1479
www.genome.org

http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276241.121/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276241.121/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276241.121/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276241.121/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276241.121/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276241.121/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276241.121/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276241.121/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276241.121/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276241.121/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276241.121/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276241.121/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276241.121/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276241.121/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276241.121/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276241.121/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276241.121/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276241.121/-/DC1


B

A

C D

Figure 4. Co-option of a MER41_BT element for IFNAR2 regulation. (A) Mean DESeq2-normalized counts showing expression for IFNAR2 fromwild-type
bovine cells. (∗∗∗) FDR<0.0001, (∗∗) FDR<0.001. Error bars denote SEM. (B) Genome Browser view of IFNAR2. MDBK RNA-seq, ATAC-seq, and CUT&RUN
tracks are normalized permillion reads. CUT&RUN tracks for POLR2A, STAT1, and pSTAT1 pulldowns are divided by aligned fragments≤150 bp (dark blue)
and >150 bp (light blue). IFNG enhancers shown indicate predicted IFNG-inducible H3K27ac peaks. MER41_BT.IFNAR2 (Chr 1: 2,368,871–2,369,745) is
highlighted in gray. Predicted IFNG-inducible enhancers are shown. Values on the right of each track correspond to signal maxima. (C) qPCR of IFNAR2
expression levels in control (n = 5), MER41_BT.IL2RB (n = 3), and MER41_BT.IFNAR2 (n = 4) MDBK clonal cells after IFNG treatment. Data points denote
clonal replicates. (∗) P<0.05, (∗∗) P<0.001, (∗∗∗) P<0.0001, Student’s t-test. (D) RNA-seq gene expression differences caused by the
MER41_BT.IFNAR2 deletion within a 5-Mb window centered on the deletion site (box not to scale), after IFNG stimulation. Significantly up-regulated
(blue) and down-regulated (orange) genes within 500 kb of the element are labeled.
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Next, we examined the evolutionary history of Bov-A2 ele-
ments, which our analysis identified as anothermajor source of pre-
dicted IFNG-inducible enhancers. Bov-A2 elements are SINE-like
elements derived from the BovB retrotransposon roughly 20–40
mya and constitute one of the most abundant sequences in bovine

genomes (Nijman et al. 2002;Onami et al.
2007; Nilsson et al. 2012). Bov-A2 ele-
ments have been predicted to harbor
binding sites for immune-related tran-
scription factors STAT1, STAT3, NF-kB,
and IRF1 (Dekel et al. 2015; Young et al.
2018).However, analysis inprevious stud-
ies was limited to few Bov-A2 elements,
and it remains unclear whether Bov-A2
may act globally as functional regulators
of the innate immune response. There
are over 360,000 Bov-A2 sequences in
the cattle genome, 280,000 of which con-
tain at least one GAS or ISRE motif. In
MDBKcells, Bov-A2andother BovBderiv-
atives represent 32.5% of all predicted
IFNG-inducible regulatory elements, or
82.3% of all TE-derived inducible ele-
ments (Supplemental Table S7). Com-
pared to MER41_BT, Bov-A2 elements
were active more recently, as evident
through previous studies that identified
cross-species differences in Bov-A2 inser-
tions (Nijman et al. 2002; Nilsson et al.
2012; Dekel et al. 2015; Young et al.
2018). Additionally, Bov-A2 elements are
hypomethylated in cattle sperm and har-
bor binding sites for host zinc finger pro-
teins, suggesting that they may be
recently or still active (Zhou et al. 2020).
Taken together, this indicates that Bov-
A2 has the potential to drive functional
regulatory variation in immunity; howev-
er, no study to date has directly examined
whether Bov-A2 insertions are polymor-
phic within modern bovid species.

We investigated whether Bov-A2 el-
ements are a source of modern variation
by using MELT (Gardner et al. 2017) to
identify polymorphicmobile element in-
sertions in a diverse panel of 38 cattle
whole-genome sequences (Tsuda et al.
2013; Shin et al. 2014; Stothard
et al. 2015; Bickhart et al. 2016; Heaton
et al. 2016; Chen et al. 2018; Workman
et al. 2018). Across all individuals, our
analysis revealed 1017 Bov-A2 elements
with read-supported evidence for inser-
tional polymorphism, including 740
nonreference insertions and 277 dele-
tions relative to the reference Hereford
bosTau9/ARS-UCD1.2 assembly (Fig. 6A;
Supplemental Fig. S16A; Supplemental
Table S14). We also observed 1782 poly-
morphic BovB elements, which are the
proposed originator of Bov-A2 elements
(Fig. 6A; Supplemental Table S14; Nij-

man et al. 2002; Onami et al. 2007; Nilsson et al. 2012). As expect-
ed, we did not identify any insertional polymorphisms of themore
ancient MER41_BT family (Fig. 6A; Supplemental Table S14).
Many Bov-A2 and BovB polymorphisms were present in more
than one individual (Fig. 6B) and principal components analysis

B

A

Figure 5. Mapping TE family evolution in Cetartiodactyla. (A) Number of MER41, Bov-A2, and BovB
elements identified across 24 mammalian assemblies using RepeatMasker. Bubble size corresponds to
the number of TEs annotated in each assembly. Phylogeny was obtained from TimeTree (Kumar et al.
2017) and depicts species divergence. Estimated insertion times are indicated on the phylogeny as trian-
gles (MER41) and a square (Bov-A2 and BovB). (B) Principal component analysis (PCA) plot of extant cop-
ies of bovine MER41 elements (circles) and cetartiodactyl, carnivore (MER41_CF), and human
(MER41B_Hs) MER41 consensus sequences (triangles) colored by superfamily. Consensus sequences
are named based on the species in which they were discovered. (Hs) Homo sapiens, (Vpa) Vicugna pacos,
(Ttr) Tursiops truncatas, (SS) Sus scrofa, (CF) Canis familiaris, (BT) Bos taurus.
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of cattle genomes based on Bov-A2 and BovB insertion status cor-
responded with subspecies (Fig. 6C; Supplemental Fig. S16B). Col-
lectively, our analysis indicates that Bov-A2 insertions are a current
source of structural genetic variants in modern cattle individuals.

Finally, we asked whether any polymorphic Bov-A2 inser-
tions show evidence of regulatory activity. Based on our epige-
nomic data from MDBK cells, we identified 17 Bov-A2 elements
with regulatory activity that were present in theHereford reference
genome but missing in at least one allele in our analysis
(Supplemental Table S15). This included a Bov-A2-derived element
located near the bovine gene CLMP, which was present in the
Hereford reference genome and MDBK cells but missing in
Angus individuals (Fig. 6D). Additionally, we identified Bov-A2-de-

rived deletions in the first intron of BICC1 and 26 kb upstream of
SNX19 that showed evidence of IFNG-inducible regulatory activity
(Supplemental Fig. S16C,D). Although more work is necessary to
causally link Bov-A2 polymorphic loci to functional variation,
our observations suggest that TE insertional polymorphisms may
be an underappreciated class of regulatory variants that contribute
to differences in immune gene expression.

Discussion

Infectious diseases have a large economic impact on the cattle in-
dustry, and understanding the genetic architecture of bovine im-
mune responses is key for improving treatments and breeding by

BA

C D

Figure 6. Detection of Bov-A2 insertion polymorphisms. (A) Number of polymorphic Bov-A2, BovB, and MER41_BT insertions (blue) and deletions
(green) for each TE family. (B) Histogram of polymorphic Bov-A2 variants as a function of the number of individuals supporting each variant.
Individuals were defined as supporting a variant if they showed evidence of at least one variant allele. (C) Histogram of polymorphic BovB variants as a
function of number of individuals supporting each variant. (D) Genome Browser view of a putative Bov-A2 deletion (Chr 15: 33,735,041–33,735,304)
intronic to CLMP. ATAC-seq and CUT&RUN tracks fromMDBK are normalized per million reads. Values on the right of each track correspond to signal max-
ima. Variant visualization plot was produced using Samplot (Belyeu et al. 2021) and depicts aligned fragments from three individuals over the predicted
Bov-A2 deletion.
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genomic selection (Keirn et al. 2001; Stear et al. 2001; Thompson-
Crispi et al. 2014; Mallard et al. 2015). To this end, thousands of
individual genomes from diverse cattle breeds and other ruminant
species have been sequenced to date (Hayes and Daetwyler 2019).
However, the majority of association studies have focused on
SNPs, with structural variants only recently gaining attention
(Liu et al. 2010; Chen et al. 2017; Hu et al. 2020). Lineage-specific
TEs are a prominent source of genomic variation that has been im-
plicated in trait diversity in many domesticated species (Lisch
2013; Wragg et al. 2013; Langevin et al. 2018; Bannasch et al.
2021), but there are currently only a handful of examples of TE in-
sertions affecting ruminant variation, including cholesterol defi-
ciency and coat color (Menzi et al. 2016; Liang et al. 2021). Our
epigenomic approach uncovered TEs as a source of IFNG-inducible
enhancers that regulate bovine ISGs, with some that are still poly-
morphic in modern cattle. Our findings warrant further examina-
tion of TE insertions as a class of variants to be considered in
bovine genome-wide association studies, potentially by adopting
new graph-based reference genomes that encompass bovine struc-
tural variants (Crysnanto et al. 2021).

By investigating TE-mediated regulation in a less well-studied
organism, our study also uncovered a striking example of parallel
evolution, involving the independent co-option of the MER41
family of retroviruses in both primates and ruminants. Primate
MER41 and ruminant MER41_BT share high sequence identity
but originate from independent germline integration events, con-
sistent with separate germline integrations by a retroviral lineage
that underwent multiple cross-species transmissions (Zhuo and
Feschotte 2015). Therefore, we speculate that descendants of an
ancestral MER41 retrovirus lineage integrated into the genomes
ofmultiplemammalian lineages in a time period of 60–70mya, in-
cluding primates and Cetartiodactyla. Our study found that
MER41 elements integrated into separate lineages have been con-
vergently co-opted for similar regulatory functions regulating host
IFN responses. It is possible that the sequences of ancient MER41
retroviruses may have had regulatory properties, such as inducible
activation, that predisposed them to successful endogenization
and eventual domestication for host function.

Our study also revealed pervasive enhancer activity at Bov-A2
elements, which are among themost abundant sequences in cattle
genomes. Bov-A2 elements are SINEs derived from the BovB retro-
transposon,which integrated into ruminant genomes via horizon-
tal transfer from a reptile (Ivancevic et al. 2018). Individual Bov-A2
elements have previously been characterized as a source of func-
tional variation across pecoran species, functioning as a source of
LPS-inducible promoter sequences. One such element has been
shown to function as the promoter for the cattle NOS2 locus,
conferring LPS-inducible expression in cattle that we found is un-
explainable by the presence of a cattle-specific enhancer (Supple-
mental Fig. S17; Young et al. 2018). Our study reveals that
thousands of Bov-A2 elementsmay possess IFNG-inducible regula-
tory activity. Together with our analysis confirming that Bov-A2
insertions are still polymorphic in modern cattle, these findings
implicate an important role for TEs in contributing to both rumi-
nant evolution and modern genetic variation. Although further
experimental investigationwill be necessary to link TE-derived reg-
ulatory variants to phenotypic differences, our findings suggest
that TEs may underlie differences in immune gene regulation
across bovine individuals and populations.

Together with our previous work in human cells (Chuong
et al. 2016), our discovery that lineage-specific TEs have been inde-
pendently co-opted to regulate ISGs in multiple species draws par-

allels to the finding that ERVs have been repeatedly co-opted to
mediate placentation inmammals (Dupressoir et al. 2012; Chuong
et al. 2013; Dunn-Fletcher et al. 2018; Sun et al. 2021). A growing
number of case examples have been discovered where unrelated
TEs have been co-opted for convergent functions in multiple spe-
cies, suggesting that TEs may have a propensity to facilitate the
evolution of certain biological processes, particularly those involv-
ing genetic conflicts. Studies investigating the epigenetic regula-
tion of IFN responses in diverse vertebrate species may therefore
uncover awidespread role for TEs inmediating the evolution of in-
nate immune regulatory networks.

Methods

For a detailed list of all reagents, primer sequences, and gRNA se-
quences used in this study refer to Supplemental Table S16. A
more detailed summary of the approaches used in this study can
be found in Supplemental Materials.

Profiling cell line immune responses

Bovine MDBK cells (gift from Sara Sawyer) were cultured in MEM
supplemented with nonessential amino acids, 1× penicillin-strep-
tomycin (P/S), and 10% fetal bovine serum (FBS) and routinely
passaged using accutase. BL3.1 cells were cultured in RPMI 1640
medium supplemented with 1× P/S and 10% FBS. All IFNG treat-
ments were performed using 100 ng/mL recombinant bovine
IFNG. Cell lines were cultured at 37°C and 5% CO2. Stranded,
poly(A)-enriched RNA-seq libraries were performed on untreated
and IFNG-stimulatedMDBK, BL3.1,monocyte, and leukocyte cells
using the KAPAmRNAHyperPrep kit according to themanufactur-
er’s instructions. ATAC-seq and CUT&RUN was performed on un-
treated and IFNG-stimulated MDBK cells as previously described
(Corces et al. 2017; Meers et al. 2019). Paired-end 150-bp sequenc-
eswere generated on an IlluminaNovaSeq 6000 (University of Col-
orado Genomics Core). Sequences were aligned to the bovine
genome (bosTau9) with HISAT2 v2.1.0 (Kim et al. 2019), BWA-
MEMv0.7.15 (Li 2013), or Bowtie 2 v2.2.9 (Langmead and Salzberg
2012) and filtered based onmapping score (MAPQ>10). ISGs were
identified using DESeq2 v1.26.0 (Love et al. 2014) with fragments
assigned to the complete bosTau9 RefSeq annotation. ATAC-seq
and CUT&RUN peak calling were performed using MACS2
v2.1.1 (Liu 2014). IFNG-stimulated enhancers were defined as re-
gions marked by IFNG-inducible H3K27ac that overlap ATAC-seq
signal from IFNG-stimulated MDBK cells. Normalized bigWig files
corresponding to read coverage per 1 million reads were used for
heat map and metaprofile visualization using deepTools v3.0.1
(Ramírez et al. 2014). IFNG induction was confirmed by enrich-
ment of GAS and ISRE motifs using XSTREME v5.4.1 (Grant and
Bailey 2021). To determine whether IFNG-inducible enhancers
are enriched around ISGs, IFNG-inducible enhancers were defined
by the absolute distance to the nearest MDBK ISG, and statistical
significancewas determined for the first 20-kb bin by Fisher’s exact
test using BEDTools v2.28.0 (Quinlan and Hall 2010).

Transposable element analysis

To identify TE families that are globally enriched for predicted
IFNG-inducible enhancers, we used the existing RepeatMasker an-
notations for bosTau9, available on the UCSC Genome Browser
(updated 2018-11-07). TE-derived, IFNG-inducible enhancers
were defined using H3K27ac peaks centered on overlapping
ATAC-seq summits (1 bp). To assess enrichment at the family-lev-
el, GIGGLE v0.6.3 (Layer et al. 2018) was used to query ATAC-seq
and CUT&RUN peaks against a database of all annotated TEs. TE
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heat maps were generated using a list of MER41_BT and Bov-A2 el-
ements overlapping IFNG-inducible enhancers that harbor a puta-
tive GAS or ISREmotif as defined by FIMO (Grant et al. 2011) with
a P-value cutoff of 1 ×10−4. Signal from CPM normalized bigWigs
was plotted over TEs as heatmaps using deepTools v3.0.1 (Ramírez
et al. 2014). To assess enrichment of IFNG-inducible TEs around
ISGs, IFNG-inducible TEs were defined by the absolute distance
to the nearest MDBK ISG, and statistical significance was deter-
mined for the first 20-kb bin by Fisher’s exact test using
BEDTools v2.28.0 (Quinlan and Hall 2010).

Generation and analysis of CRISPR-enAsCas12a mutants

MDBK cells stably expressing enAsCas12awere prepared according
to a previously published protocol (Supplemental Methods;
DeWeirdt et al. 2021). enAsCas12a expression in clonalMDBK cells
was validated by RT-qPCR using the Luna Universal One-Step RT-
qPCR kit following the manufacturer’s instructions. For each
MER41 element (associated with IFNAR2 and LOC510185), two
23-bp gRNA sequences were designed to generate a single internal
deletion that encompasses the putative STAT1 binding sites. Each
crRNA oligonucleotide was cloned into pRDA_052 (Addgene) fol-
lowing a modified protocol from DeWeirdt et al. (2021) (Supple-
mental Methods). To generate each MER41 deletion, MDBK cells
stably expressing enAsCas12awere transducedwith lentivirus con-
taining the gRNAs and underwent puromycin selection (2 ug/mL);
80–120 cloneswere screened for homozygous deletions by PCR us-
ing internal and flanking primer pairs at the expected deletion site.
Breakpoint sequences were confirmed by Sanger sequencing
(Quintara Biosciences; Genewiz). Independently, clonal MDBK
lines stably expressing enAsCas12a without gRNAs underwent an
additional clonal isolation process. Five control clones were select-
ed for further experimentation.

Re-annotation of MER41 repeats

High-quality assemblies from 24 mammalian species representing
five distinct lineages (primate, Cetartiodactyla, Perissodactyla,
Pholidota, Carnivora) were annotated using RepeatMasker v4.1.0
(Smit et al. 2019) using the RepeatMasker-Repbase (RMRB, release
20181026) library (Supplemental Table S12). For each assembly,
the numbers of annotated, length-filtered MER41, Bov-A2, and
BovB elements were visualized in a bubble plot (Supplemental
Methods). Species divergence times and phylogeny were obtained
fromTimeTree (Kumar et al. 2017). To determineMER41 family re-
latedness, annotated MER41 elements across all cetartiodactyl
families were filtered by length and collapsed into a list of 990 el-
ements. Consensus sequences for a representative set of families
were also included. The number of occurrences of each unique 6-
mer in each sequence was counted using kmer-counter (https
://github.com/alexpreynolds/kmer-counter) and used for princi-
pal component analysis (PCA).

Detection of TE insertion polymorphisms

Publicly available whole-genome, paired-end sequencing data
were aligned to the bosTau9 reference assembly with the bosTau5
YChromosome assembly using BWA-MEMv0.7.15 (Supplemental
Table S17; Li 2013; Bellott et al. 2014). TE variants were called us-
ing MELT v2.1.5 (Gardner et al. 2017) and filtered according to
length, genotype, confidence score, and number of supporting
split reads (Supplemental Materials). Filtered deletion and inser-
tion variant calls were aggregated and summarized based on
whether or not they had at least one supporting allele prior to
PCA. Candidate Bov-A2 deletion variants were classified as puta-
tive regulatory elements if they overlapped any ATAC-seq or

CUT&RUNpeaks and fell within 250 kb of a gene TSS (Supplemen-
tal Table S15). Alignments over filtered deletions were visualized
using Samplot v1.1.6 (Belyeu et al. 2021).

External data sets

Publicly available data were downloaded from public repositories
using fasterq-dump from the NCBI SRA Toolkit. RNA-seq data
sets were obtained from the NCBI BioProject database (https
://www.ncbi.nlm.nih.gov/bioproject/) under accession number
PRJEB22535 and from the NCBI Gene Expression Omnibus
(https://www.ncbi.nlm.nih.gov/geo/) under accession number
GSE116734. Whole-genome sequencing data sets were obtained
from the NCBI BioProject database under acccesion num-
bers PRJDB2660, PRJEB1829, PRJNA176557, PRJNA210519,
PRJNA277147, PRJNA324822, PRJNA379859, and PRJNA325058.

Data access

All raw and processed sequencing data generated in this studyhave
been submitted to the NCBI Gene Expression Omnibus (GEO;
https://www.ncbi.nlm.nih.gov/geo/) under accession number
GSE185082. All code is available as Supplemental Code and on
GitHub (https://github.com/coke6162/bovine_TE_evolution).
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