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of cofactors, often empowered with chromatin modifying 
enzymatic activities. Distinct TF Binding Sites -TFBS- are 
associated to individual classes of repetitive sequences in 
vivo [6–10].

The CCAAT box is one of the first DNA element 
described in mammalian promoters, whose precise 
matrix was formalized by unbiased searches and con-
firmed by functional studies of RefSeq genes (Reviewed 
by [11]). Recently, this element was identified in studies 
aimed at finding sequence determinants driving selection 
of Transcription Start Site(s) (TSS) in coding, non-coding 
genes and units of enhancer RNAs (eRNAs) [12–16]. The 
matrix identified by these studies matches precisely the 
binding site of NF-Y, a trimer composed of the histone-
like NF-YB/NF-YC dimer and NF-YA, conferring strict 
sequence-specificity [17]. NF-Y/CCAAT is important for 

Background
A large portion of the human genome is made of different 
classes of repetitive DNA, which include Transposable 
Elements (TEs). A sizeable amount -some 8% in humans- 
is constituted by TEs resulting from insertions of RNA 
viruses and retro-transpositions. They are typically spe-
cies-specific and many are used as cis-acting elements 
-CREs- that regulate transcription as enhancers and pro-
moters [1–5]. These TEs contain individual short DNA 
elements recognized by sequence-specific TFs governing 
the recruitment of the RNA Polymerase II machinery and 

Mobile DNA

*Correspondence:
Diletta Dolfini
diletta.dolfini@unimi.it
1Dipartimento di Bioscienze, Università degli Studi di Milano, Milano, Italy

Abstract
Background  Transposable Elements (TEs) represent a sizeable amount of mammalian genomes, providing 
regulatory sequences involved in shaping gene expression patterns. NF-Y is a Transcription factor -TF- trimer that 
binds to the CCAAT box, belonging to a selected group implicated in determining initiation of coding and noncoding 
RNAs.

Results  We focus on NF-Y TE locations in 8 human and 8 mouse cells. Binding is exclusive for retroviral LTR12, 
MLT1 and MER in human and RLTR10 and IAPLTR in mouse cells. Cobinding and analysis of the DNA matrices signal 
enrichment of distinct TFs neighboring CCAAT in the three TE classes: MAFK/F/G in LTR12 and USF1/2 in MLT1 with 
precise alignment of sites, PKNOX1, MEIS2, PBX2/3 TALE TFs in MER57. The presence of “epigenetic” marks in human 
cells indicate prevalent co-association with open chromatin in MER, closed in LTR12 and mixed in MLT1. Based on 
chromatin features, these locations are mostly marked as enhancers, as confirmed by analysis of loci predicted to 
generate eRNAs.

Conclusions  These results are discussed in the context of functional data, suggesting a complex -positive and 
potentially-negative role of NF-Y on distinct classes of repetitive sequences.
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promoter function, as assessed by mutation of CCAAT 
in functional experiments, the use of an NF-YA domi-
nant negative mutant or RNAi of the subunits (Reviewed 
by [18]). NF-Y was shown to maintain the borders of the 
core TSS region free of nucleosomes, and its removal 
causes relocation of TSS and appearance of extended, 
aberrantly initiated transcripts [19]. These data implicate 
the trimer in shaping the chromatin and transcriptional 
architecture of core promoters, including determining 
TSS selection by the General Transcription Factors and 
RNA Pol II.

Following inclusion of NF-Y in ENCODE, ChIP-seq 
location analysis in human K562, HeLa-S3 and GM12878 
cell lines identified TEs, notably families of retroviral ori-
gin [7, 10, 20, 21]. In humans, ATAC-seq analysis found 
enrichment of NF-Y sites in Spermatogonial Stem Cells 
(SSCs), absent in differentiating cKIT+ spermatogonia, 
specifically at LTR12C/D/E [22]; this was confirmed by 
scRNA-seq analysis of stem and differentiated popula-
tions [23, 24]. As for mouse cells, CCAAT boxes were 
reported in RLTR10, TEs associated to genes activated 
during spermatogenesis [25]. Mouse embryo primordial 
germ cells -PGCs- gain CCAAT accessibility in active 
regions between d13.5 and d14.5, in enhancers of genes 
repressed by H3K27me3; these units are postnatally acti-
vated and remain expressed as hallmarks of adult SSCs 
[26].

Knowledge on the role of CCAAT in specific TEs is 
limited to sites located in enhancers: the ERV-9/LTR12 
of the globin locus control region mediates long range 
interactions with the developmentally regulated ε-, γ- 
and β-globin CCAAT promoters [27–29] and an LTR12 
enhancer requires NF-Y to drive RAE1 expression [30]. 
More recent experiments highlighted a widespread func-
tion of NF-Y on LTRs. The use of “epigenetic” drugs 
blocking the enzymatic activity of DNA Methyltrans-
ferases -DNMTs- and Histone Deacetylates -HDACs- 
entailed induction of cryptic RNAs (TINATs, Treatment 
Induced Non-Annotated Transcripts): more than 80% 
are generated by LTR12 (notably LTR12C), downstream 
of conserved NF-Y and Sp1 sites [31]. This study formal-
ized and extended reports focusing on HDACi, signal-
ing widespread activation of LTR12-driven promoters 
[32], including in a NF-Y-dependent way [33]. Additional 
reports on DNMTi and HDACi confirmed this point 
[34–38], including a study based on RNA-mediated Cas9 
activation domains specifically directed to LTR12C sites 
[39]. LTR12-driven transcripts from enhancers were 
identified upon inactivation of BRD4, a cofactor “reader” 
of acetylated histones: NF-YA/NF-YB inactivation by 
RNAi confirmed functional impairment of LTR12C/D 
enhancers [40]. As for mouse, in embryonic stem cells 
CCAAT-driven RNAs generated from IAPLTR TEs are 
part of condensates that squelch the basal transcriptional 

machinery from enhancers involved in driving expression 
of stemness and fate determination genes [41]. Unlike 
humans, analysis of genomic binding of NF-Y to TEs in 
mouse cells has yet to be reported.

We recently extended the analysis of NF-Y in vivo 
locations across 8 human and 8 mouse cell types, by 
exploiting available datasets and performing additional 
ChIP-seq experiments with a common pipeline of analy-
sis [42]. In parallel, we inactivated NF-YB in HeLa cells 
focusing on genomic binding of USF1, a NF-Y partner: 
removal of NF-Y from promoters entailed elimination 
of USF1 binding and decreased function. The grow-
ing interest on repetitive elements of retroviral origin as 
functional promoters/enhancers, as well as the activities 
of NF-Y in determining positioning of RNAs initiation, 
spurred us to provide a detailed analysis of NF-Y binding 
to TEs in human and mouse cells.

Results
NF-Y binding to repetitive sequences
We recently evaluated NF-Y peaks in 16 cell lines and 
tissues of human and mouse origin: in addition to 
ENCODE cell lines, we considered data from mouse 
cells, performing further ChIP-Seq experiments in sev-
eral mouse and human cells. To standardize the data, we 
used the ENCODE pipeline, adjusted for different lengths 
of the reads gathered from the ChIP-seq datasets [42], 
integrated by further analysis with Repbase, as indicated 
in Fig. S1. We focus here on peaks located on TEs. A 
graphic representation that highlights the prevalence in 
specific repetitive sequences in terms of overall number 
(Fig. 1A, B) or percentages with respect to the total num-
ber of peaks is shown (Fig. 1C, D). The peaks are mainly 
in LTR families (Dark blue) and the number appears to be 
higher in human cells, especially in transformed cells. For 
comparison, we analyzed TBP -a General Transcription 
Factor binding to the TATA element- and USF1, a b-HLH 
TF binding to the E-box. TBP shows less skewing toward 
repeats, USF1 confirms enrichment in LTR repeats, vast 
in HepG2 and K562, less in mouse MEL and C2C12 myo-
cytes. NF-Y peaks in repetitive DNA range from 9% (B 
cells) to 55% (K562) of the total (Fig.  1E). In compari-
son with previous analysis of ENCODE lines [20], the 
fraction is identical in GM12878, somewhat higher in 
HeLa-S3 (34% vs. 23%) and K562 (55% vs. 40%). In mouse 
cells (Fig.  1F), a maximum is scored in mESCs (14%), a 
minimum in fetal myoblasts/myocytes (4%). USF1 is in 
the same range in human cells, higher in mouse, TBP is 
at < 20% (Fig.  1E, F). Overall, these results confirm and 
extend previous analysis: NF-Y can be placed at the high 
end among TFs binding to TEs in human cells [9].

To verify the above results, we also analyzed the data 
according to a modification of the protocol we previ-
ously employed [20], which consists of mapping reads on 
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Repbase repeat consensus sequences and then evaluat-
ing their enrichment over Input DNAs. The results con-
firm the LTR enrichment, allowing us to identify LTR12, 
MLT1 and MER families in human cells, and RLTR10 
and IAPLTR1 in mouse (Fig.  2A and B). In Fig.  2C and 

D, we considered examples of signal on individual repeti-
tive elements consensus of Immunoprecipitated DNA 
(in red) compared to Input DNA (Blue) -and the rela-
tive fold change ratio (Log2FC, in yellow)- in human 
K562 and mouse CH12: LTR12C, MER122, RLTR10B2 

Fig. 1  NF-Y peaks in repetitive elements. A, B. Absolute distribution of human (A) and mouse (B) cells ChIP-seq peaks between non-repetitive genome 
(gray) and repetitive regions as annotated in RepeatMasker (colored). C, D. Same as A except that the data are shown in percentages over the total. E, F. 
Percentage of total peaks specifically falling in LTR sequences in human (E) and mouse (F) cells
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Fig. 2  Repbase alignment enrichment of IP NF-YB experiments. A. Top 9 significant enriched TE repeats for each human cell line in the Repbase align-
ment according to the statistical significance (Poisson). CCAAT-containing elements are highlighted in orange. B. same as A, for mouse cell lines. C. 
Representative NF-YB signal enrichment in four human repeat consensus loci. Log2FC of NF-YB signal in K562 cell lines over the input depicted in yellow. 
Overlay of the three biological replicates are shown in red hues and overlay of input replicates in blue. D. same as C for NF-YB in mouse
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and MMERGLN, which have multiple CCAAT, have a 
high Log2FC, lower in MLT1J and IAPLTR1 with single 
or double CCAAT. As controls, the CCAAT-less LTR5 
and RLTR6 show bound signals similar to those of back-
ground Input DNA. We take this as a further indication 
that specific TEs of retroviral origin are selectively bound 
by NF-Y in human and mouse cells. 

Factors in NF-Y-bound repetitive sequences
We analyzed NF-Y locations in the different subfamilies 
of TEs in human cells. LTR12 are ubiquitously bound 
by NF-Y -except in B cells- whereas MLT1 are enriched 
in K562, GM12878 and, to a lesser extent, HepG2 and 
WTC11 (Fig. 3A, B, upper Panels). MER are either ubiq-
uitously enriched -MER51A/E, MER101, MER57C1 with 
the exception of B cells- or tissue-specific: MER57A1/F/
E1 in GM12878, MER57B1 in GM12878 and K562, 
MER52C in HepG2, WTC11 and B cells (Fig. 3C, Upper 
Panel). Next, we assessed the quality -adherence to the 
consensus- and number of CCAAT boxes in these TEs: 
they are optimal and numerous (> 1/100  bp; quality 

scores close to 1) in LTR12, MERs, and MLT1K, but not 
in other MLT1 (Fig.  3A-C, middle Panels). Note that 
MLT1H2 has excellent CCAAT scores, yet less than 1% 
are bound by NF-Y, suggesting that there might be addi-
tional features on TEs that affect binding, such as the 
“epigenomic” environment and the presence of additional 
TFs bound nearby.

Binding to TEs is a common feature for TFs. We pre-
viously computed co-association of NF-Y genomic loca-
tions with those of the TFs and Cofactors present in 
ENCODE [20, 42–44]. We then investigated the sub-
classes of TEs matching binding of NF-Y with ENCODE 
TFs and cofactors. The heatmaps show degrees of asso-
ciation distinct for the three families (Fig.  3A-C, Lower 
Panels). In LTR12, notably in LTR12B/D/F, we find small 
MAFs -K, F, G- ZNF316, ZBTB33, MBD2 and C11Orf30/
EMSY (Fig.  3A): all factors are associated to repressive 
activities, in line with recent findings [21]. In MLT1, 
b-HLH TFs -USF1/2, MITF, MAX and TFE3- are preva-
lent, while other factors are subfamily-specific (Fig. 3B). 
Note that the global fraction of MLT1s bound by NF-Y 

Fig. 3  Cobinding of TFs on LTR12, MLT1 and MER. A. Heatmap showing the percentage (if higher than 1%) of LTR12 genomic sites bound by NF-YB in 
human cell lines. Middle panels show the number (top) and the quality score (down) of CCAAT boxes present in the corresponding consensus. If more 
than one CCAAT box is present in the consensus, the score refers to the best one. Lower Panel shows the percentage of LTR12 genomic sites cobound by 
NF-Y and TFs present in ENCODE calculated over the total LTR sites bound by NF-YB. If more than one experiment is present in one or more cell lines, the 
maximum value is plotted. Top 30 TFs showing binding to more than 2% sites and for more than one repeat member are shown. B. same as A, for enriched 
MLT1 repetitive elements. C. Same as A, for enriched MERs repetitive elements
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-and other factors- is considerably lower (2/6%) than the 
10/60% scored for LTR12. MERs have an intermediate 
level of TFs bound (5/20%) and NF-Y is with the TALE 
PKNOX1/PBX2/PBX3/MEIS2 and SP1 (Fig.  3C); Zn 
Fingers TFs are specific for MER57 (ZNF549) or MER52 
(ZNF687). We conclude that NF-Y co-binds with selected 
companions in the three TE families.

Modules in NF-Y-bound repetitive sequences
We retrieved LTR12, MLT1 and MER sequences bound 
by NF-Y and some of the TFs identified above, notably 
small MAFs for LTR12, USF1/2 for MLT1 and TALE for 

MER57B1. The sites of these TFs were thereafter aligned 
by using the CCAAT box as anchor, with surroundings of 
100 bp. The PKNOX1/PBX2/PBX3 sites were previously 
shown to be aligned according to a precise geometry 
− 5’TALE-10 bp-CCAAT3’- in promoters and enhancers 
[45]: Fig.  4 shows that the TALE site is indeed present, 
but located at the 3’ and relatively distant from CCAAT. 
Between CCAAT and TALE, MEME analysis found 
a sequence corresponding to a STAT1/2 site (p value 
10− 99). As for LTRs, representative results are shown 
for LTR12D in Fig. S2: MAREs (MAFs-Responsive Ele-
ments) are found, with a precise positioning immediately 

Fig. 4  Alignment of MER57B1 sequences around CCAAT boxes. Alignment of MER57B1 sequencing focusing on CCAAT boxes. Sequences retrieved from 
genomic sites co-bound by NF-Y and PKNOX/PBX2/PBX3. PWMs derived from JASPAR 2024 Redundant database
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3’ of CCAAT: indeed, the first nucleotide of MARE -a 
T- is shared by CCAAT and the CAG core immediately 
thereafter represents an optimal 3’ bp for NF-Y binding. 
This configuration is striking because it is found at least 
3/4 times within each repeat. Finally, we considered the 
large overlap between NF-Y and USF1/2 in MLT1K: the 
distance of 16/18 bp between the center of the two sites 
-E box and CCAAT- corresponds to the expected E-box-
10 bp-CCAAT configuration (Fig. S3), based on previous 
biochemical experiments [46]. In summary, the TFs iden-
tified by genomic analysis appear to be bound to their 
respective sites in the different TEs.

Chromatin in NF-Y loci
Another relevant feature that might impact on NF-Y 
binding to TEs is the chromatin status. ENCODE pro-
vides data on several epigenomic marks in the cell lines 
analyzed above, allowing distinction of 18 chromatin 
states: it is important to note that this analysis does not 
match annotated RNAs, and therefore the indicated 
“TSS” or “Enhancer” labels are mere extrapolations from 
the presence of epigenomic marks. Analysis of the three 
families bound by NF-Y is shown in Fig. 5. Most LTR12 
repeats are marked as heterochromatin (Light blue) or 
quiescent/low (Light grey) in K562 and GM12878; HeLa-
S3 and HepG2 have a higher fraction of loci classified as 
weak transcription (Dark green) or enhancer (Yellow) 
(Fig. 5 Left Panel). The MLT1 profile is similar in K562, 
GM12878 and HepG2, only with more active promot-
ers and enhancers, specifically MLT1M in HepG2 (Fig. 5 
Middle Panel). As for MERs, many sites of HepG2 and 
GM12878 are active promoters or enhancers, especially 
in MER57; they are less “active” in HeLa-S3 and K562, 
but still comparatively more active than LTR12 or MLT1 
(Fig. 5 Right Panel). 

TEs in promoters and enhancers
TEs are spread throughout genomes and it is relevant 
to establish the locations of those bound by NF-Y: a first 
classification of genomic annotations in human and 
mouse cells is shown in Fig. S4: there are several in Pro-
moters, but the vast majority are in Intergenic or Intronic 
regions: this is in contrast to the result of analysis of all 
NF-Y sites in most cell types, showing that NF-Y locates 
preferably in promoters [42].

To verify NF-Y TE locations based on functional fea-
tures, we exploited the ENCODE definition of cCREs 
-candidate cis-Regulatory Elements- based on the map-
ping in several cell lines of H3K4me3, H3K27ac, DNase 
I hypersensitivity and CTCF binding [47]. This catalogue 
comprises 5 categories: Promoters (PLS), annotated as 
such if they are within -/+200  bp from a TSS; DNase-
H3K4me3 (without H3K27ac) are promoters but without 
a functional annotation nearby; CTCF-only; Unmarked; 
Enhancers (ELS), in which we included both Distal and 
Proximal enhancer locations. First, we checked the over-
all presence of cCREs as a percentage of the total num-
ber of the TE subfamilies: the majority are in un-marked 
areas, with 10/20% having Enhancers signatures, very few 
in Promoters, present exclusively in LTR12E/D/C (Fig. 
S5). Thereafter, we matched NF-Y locations to cCREs 
within TEs in the different cell lines, only considering 
subfamilies with more than 50 locations bound (Fig.  6). 
As expected, K562 and GM12878 show a higher num-
ber of peaks, particularly in LTR12 and MLT1 (Fig.  6A 
Top and Middle Panel). LTR12, LTR12C, LTR12D and 
MLT1K are numerous, as expected from data of Fig. 2. As 
to functional categories, the most abundant is Unmarked 
across the board: this is in line with previous data show-
ing that binding to most LTR sequences is not associ-
ated to histone PTMs marks [20]. The other LTR12 and 
MLT1 sites are essentially within Enhancers, not Promot-
ers, although a sizeable number of sites are marked as 

Fig. 5  Chromatin features of NF-Y-bound TEs. Percentage of chromatin states associated with NF-Y bound LTR12 (Left Panel), MLT1 (Middle Panel) and 
MERs (Right Panel) repetitive elements. The different colors designate the chromatin states as derived from Roadmap Epigenomics
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Fig. 6  cCREs annotations of NF-Y-bound TEs. A. Number of NF-Y peaks in cCREs falling within LTR12 (Top Panel), MLT1 (Middle Panel) and MER (Bottom 
Panel) sites in human cell lines. PLS = Promoter-Like Signature; ELS = Enhancer-Like Signature. In parenthesis the total number of sites bound for each 
specific repetitive element. B. Left Panel: analysis of the binding of NF-Y on the nearest TSS within 10 kb of the NF-Y-LTR considered (ELS and Unmarked). 
Right Panel: analysis of NF-Y binding on promoters interacting with NF-Y-LTR considered (ELS and Unmarked) according to Enhancer Atlas 2.0 data [48]
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DNase-H3K4me3, features of promoters without a TSS 
annotation. In MER, the numbers are relatively balanced 
in the different cell lines, with MER51A being widespread 
and the Enhancer category prevailing (Fig.  6A Bottom 
Panel). Globally, these data indicate that NF-Y TEs loca-
tions are few in promoters, most residing in chromatin 
without positive marks -especially LTR12 and MLT1- or 
in enhancers (MER51).

Finally, we matched NF-Y-LTR classified as ELS and 
Unmarked to promoters across all human cell lines, 
considering the nearest TSS located within a distance 
of 10  kb from an NF-Y-LTR: the results in Fig. 6B (Left 
Panel) show that only 20/40% of LTR considered are close 
to an NF-Y-bound promoter. To substantiate this find-
ing, we made use of EnhancerAtlas 2.0 [48], a database 
that contains predicted, potentially multiple, enhancer-
promoter interactions: analysis of ENCODE cell lines 
indicates that the percentage of cobound Enhancer/Pro-
moters is consistently low, with unexpectedly few LTR12 
units, compared to the high number of LTR12 bound 
by NF-Y (Fig.  6B Right Panel). We conclude that NF-Y-
LTR enhancers do not necessarily match to NF-Y-bound 
promoters.

RNA production in TEs bound by NF-Y
To measure the transcriptional activity of the TEs bound 
by NF-Y, we used the ENCODE total RNA-seq data of 
K562, HepG2 and GM12878. Independently from the 
levels of RNAs, we partitioned the TE loci as Transcribed 
(T, TPM > 0), Not Transcribed (NT), NF-Y Bound (B) 
and Not Bound (NB): transcribed and bound loci are sig-
nificantly more numerous than the expected in all tests, 
therefore NF-Y is more bound to transcribed loci for all 
TEs (Fig.  7A). We considered expression levels, by fil-
tering out all non-transcribed TEs: this exercise returns 
higher levels of LTR12 transcribed and bound by NF-Y in 
GM12878 and HepG2 (Fig. 7B left Panel), but not in the 
other TEs, in which NF-Y binding is associated to lower 
expression (Fig. 7B Central and Right Panel). This is con-
sistent with NF-Y binding being a positive factor only for 
LTR12 in GM12878 and HepG2, but not in the other TEs 
nor in K562.

A recent global map of enhancer RNAs (eRNAs) was 
derived in 20 cell lines, based on multiple parameters 
[49]. Focusing exclusively on eRNAs loci in LTR12, MLT1 
and MER sites, we computed binding of NF-Y in K562, 
GM12878 and HepG2: the whole set of LTR, MLT1 and 
MER TEs contain eRNAs producing loci at 47%, 40% 
and 12% of the total; in those bound by NF-Y, we score 
a significant increase in all TEs, at 73%, 58% and 36%, 
respectively (Fig. 7C). The p-values at 10− 5/17 are signifi-
cant; NF-Y binding in Hela-S3, C1R, CCRF and WTC11 
have lower significance, especially for MLT1 and MER 
(Fig. S6). To check the effect of the removal of NF-Y 

transcription in NF-Y-LTR, we chose 4 regions positive 
for NF-Y binding showing mapped RNA-seq reads in all 
ENCODE cell lines, and we analyzed the expression by 
qRT-PCR on HeLa inactivated for NF-YB [44]. First, we 
checked expression of NF-YB and NF-YA to verify the 
downregulation of the former gene NF-YB and upregu-
lation of the latter (Fig. 7D). Four of the six regions are 
modestly upregulated after the NF-YB inactivation 
(Fig. 7D). Importantly, the MLTK1 is one of the regions 
classified as eRNA. RT- samples were negative.

We conclude that NF-Y binding to TEs in enhanc-
ers is associated to eRNAs production, but not univer-
sally, depending on the cell types and on the repetitive 
sequence considered. In addition, NF-Y could be part of a 
repressive mechanism in selected TEs.

Discussion
The present study sheds light on the extent of NF-Y bind-
ing to specific classes of repetitive sequences of retroviral 
origin in human and mouse cells.

TEs contribute substantially to the landscape of cis-
acting elements in mammals, providing several promot-
ers and enhancers. Studies on RefSeq genes indicated 
that cell-cycle, metabolism and transcriptional regula-
tion units are a major part of the “core” NF-Y regulome 
(Reviewed by [18]), specifically in promoters, where 
CCAAT is positioned at -60/-100 relative to the TSS [11].

Recent evidence further expand the role of NF-Y in 
promoters in helping to determine TSS locations [13–16] 
(reviewed by [50]). Some of these AI-based studies pre-
dict the presence of multiple TSS in CCAAT promoters, 
and the elimination of CCAAT/NF-Y located upstream 
of the TSS has a negative impact on transcription, as vali-
dated with wet experiments [13, 16]. Consequent with 
these findings, the most prominent localization of NF-Y 
is in promoters of human and mouse cells [42]. MER, and 
to a lesser extent MLT1, have epigenomic marks typical 
of promoters (Fig. 5).

Distal locations are essentially associated to tissue-
specific enhancers, a sizable number of which are of 
retroviral origin. A stringent classification based on the 
presence of nearby (200  bp) annotated transcripts, as 
well as analysis of eRNA loci (Fig. 7), suggests that only 
a small fraction of cCREs can be considered “promoters”. 
On LTR12, “epigenomic” and cCREs analysis concur that 
promoters bound by NF-Y are rare. Globally, we conclude 
that NF-Y binding to bona fide TE promoter sequences is 
an exception, whereas bound enhancers, or “middle-of-
nowhere” sites without common histone marks, could 
generate enhancer RNAs -eRNAs- or cryptic transcripts.

The function of NF-Y in LTR12 appears to be complex. 
The data of Figs. 5 and 6 indicate that most LTR12 sites 
bound by NF-Y lie in locations marked as “repressed” 
or “quiescent”. On MLT1 and MERs, NF-Y-binding is 
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Fig. 7  RNA production in TEs bound by NF-Y. A. Contingency table of NF-Y binding to repetitive elements and repetitive transcripts in ENCODE K562, 
GM12878 and HepG2 cells. Transcribed (T) and Bound (B) repeats number higher than the relative expected number in all cases. B. Distribution of tran-
scription levels of transcribed repetitive sequences bound or not bound by NF-YB. C. Comparison of eRNA and not eRNA loci within TEs bound or not 
bound by NF-Y in K562 (Left Panel), GM12878 (Middle Panel) and HepG2 (Right Panel) cell lines. Statistical significance assessed with Fisher’s exact test (A, 
C) and Wilcoxon rank-sum test (B). Significance levels are given by stars: * − 10− 2, ** − 10− 3 and *** − 10− 10. D. RT-qPCR quantification of the expression 
of several LTR regions upon NF-YB siRNA-treatment in HeLa cells. Relative expression was expressed relative to control siRNA treated cells (siCTR). For LTR 
targets also RT- control results are shown to evaluate genomic DNA carryover. The genomic regions assessed are indicated below the plot. Bar plots cor-
respond to the average of three biological replicas (n = 3). Error bars correspond to the SEM. * pvalue < 0.05 according to one-sample t-test
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associated to lower levels of transcripts in all cells, except 
in GM12878 and HepG2, in which transcripts generated 
from bound sites are higher than from unbound ones 
(Fig.  7). The functional experiments on specific RNAs 
generated from TEs -shown in Fig.  7D- indicate that 
removal of NF-Y has either a neutral effect, or a -modest- 
positive one, suggesting a repressive role. On one hand, 
many of the LTR12 loci are indeed enhancers, based on 
functional annotations, extending the notion originally 
described in enhancers of the globin gene cluster [27–29, 
51]. Possibly, these are tissue-restricted, as suggested by 
the findings of LTR12 enhancers driving expression of 
endoderm-specific genes [37] and of RLTR10B enhancers 
in mouse spermatocytes [22].

The present data should consider experiments indi-
cating that modules of retroviral origin become de-
repressed/activated upon treatment of -cancer- cells 
with inhibitors of HDACs or DNMTs, pointing at NF-Y 
as important for those originating specifically from 
LTR12B/C [31–33, 36]. The original observation of 
induction of the pro-apoptotic TNFRSF10B gene by the 
LTR12 enhancer [33] was later extended in two direc-
tions: the use of additional HDAC inhibitors and hints 
that LTR12 enhancers mediate induction preferentially of 
pro-apoptotic genes [38].

Another study supports enhancer repression of LTR12: 
the repressor ZNF676 -and the ZNF728 paralogue- 
are bound to LTR12C, together with their corepressor 
KAP1/TRIM28 and NF-Y [21]; these sites are possibly the 
ones we find abundantly bound in K562 and GM12878 
embedded in inactive (Fig.  5), unmarked (Fig.  6) chro-
matin. Interestingly, ZNF676 is hominoid-specific, as 
are ERV9/LTR12 [52], implying that classes of Zn-finger 
repressors have co-evolved along the invasion of LTR12 
in Hominidae. Indeed, among ENCODE-tested TFs, we 
identify cobinding of repressors -MBD2, ZBTB33/Kaiso, 
C11Orf30/EMSY- or TFs lacking activation domains, 
such as small MAFs (MAFG, MAFK, MAFF); this could 
be interpreted as NF-Y being part of a repressive mech-
anism, since these b-ZIP TFs have been associated to 
repression [53]

Mechanistically, the partial overlap of the NF-Y/MAFs 
locations (Fig. S2) could result in mutually exclusive bind-
ing to the respective sequences, or a tight relationship 
between the TFs. Further biochemical experiments with 
recombinant TFs should discriminate this point, but we 
remark the following: (i) sequence-specificity conferred 
by the NF-YA subunit involves exclusively minor groove 
interactions [54], leaving available the major groove, 
where b-ZIP proteins interact with DNA. (ii) An equally 
intricated interplay was dissected on ER Responsive Ele-
ment (ERSE) II, between NF-Y and the b-ZIP ATF6, over-
lapping at the 5’ end of CCAAT: cobinding was indeed 
reported [55–57].

A further twist has been recently proposed concerning 
the activity of the U7 snRNA involved in 3’ processing of 
histone pre-mRNAs, which represses LTR12-driven tran-
scription of lncRNAs through HDE-like motifs [58]: the 
importance of NF-Y was tested by RNAi-inactivation of 
the three subunits, and while expression is unchanged 
under normal conditions, the induction driven by U7 
snRNA elimination is abolished, mirroring what is 
reported with HDACi and DNMTi treatments. Intrigu-
ingly, the U7 snRNA was previously shown to interact 
with NF-YA [59], possibly suggesting that this ncRNA 
blocks NF-Y function directly.

Studying the role of specific cofactors on enhancers, 
Neumayr et al. identified LTR12C/D loci as induced by 
removal of BRD4 [40], a cofactor impacting on the reg-
ulatory pause-release step of RNA Pol II elongation [60, 
61]. These sites are embedded in closed chromatin with 
mild positivity for H3K4me3/H3K27me3, but no marks 
associated to enhancers. CCAAT boxes in these TEs are 
functionally important, as assessed by RNAi of NF-YA/
NF-YB [40]. In summary, NF-Y could play an active role 
of some LTR12-based enhancers, as well as a repres-
sive one on others, becoming derepressed upon HDAC/
DNMT/U7 inhibition.

As for MLT1 sequences, an important NF-Y partner-
ship is with USF1/2, which comes at the top of the list 
of co-bound TFs, as shown before [7, 20]. Cooperative 
DNA-binding, mediated by the USF1 USR domain, was 
dissected by biochemical assays [46]. NF-YB inactiva-
tion evicts NF-Y from MLT1 sequences, whereas USF1 
binding is still substantial, and the opposite happens on 
promoters [42]. We take this as an indication that USF1 
has recruiting activities in these TEs independently from 
NF-Y, which is therefore not playing a “pioneering” role. 
Finally, we identify MER sites in which NF-Y is co-bound 
with TALE PBX2/PBX3/PKNOX1 containing homeobox 
DNA-binding domains. This partnership was originally 
discovered in mouse and Zebrafish developmentally con-
trolled genes, and a common, discrete alignment of sites 
characterized: TALE-10 bp-CCAAT (Reviewed by [45]). 
Note that this configuration is similar to the E-box-12 bp-
CCAAT shown for USF1/NF-Y (Fig. S3). Instead, the sites 
found in MER are quite different, with TALE being at 
the 3’ of CCAAT and at a considerable (50 bp) distance, 
which is not consistent with predictions of direct interac-
tions. Furthermore, a STAT1/2 site is located in between.

We provide here a first comprehensive outlook of NF-Y 
binding to mouse TEs, pointing at selected classes of ret-
roviral origin, RLTR10B and intracisternal A-type parti-
cles (IAPs), rich in CCAAT boxes.

By looking at changes of gene expression of TE-driven 
RNAs during mouse spermatogenesis, Sakashita et al. 
found a specific role for RLTR10B in enhancers driv-
ing expression of genes involved in the maturation of 
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pachytene spermatocytes, notably in mitosis-to-meiosis 
transitions [25]. These Authors noticed NF-Y/CCAAT 
and A-MYB sites in these elements and went on to prove 
the role of A-MYB in the activation of neighboring germ-
line genes.

We find here that RLTR10B -and the related RLTR10A, 
RLTR10B2, RLTR10C- are indeed bound by NF-Y in sev-
eral cell types. As for human LTR12, degradation of the 
KAP1/TRIM28 repressors led to activation of RLTRIAPs 
in mouse ESCs: in this context, IAPs-generated ncRNAs 
apparently hijack the condensates formed by RNA Pol 
II, Mediator and cofactors normally recruited at super-
enhancers; in turn, the resulting changes in gene expres-
sion cause depletion of pluripotent lineages in vivo [41]. 
Interestingly, ncRNAs generated by IAPs are part of the 
condensates, and the Authors showed that the intrinsi-
cally disordered region -IDR- of NF-YC enhances the 
capacity of IAPLTR-ncRNAs to form droplets with Pol II 
CTD in vitro. By confirming binding of NF-Y to LTR10B 
-widespread- and IAP -in transformed MEL and CH27 
cells (Fig. 2)- we extend these findings beyond the sper-
matocytes and mESC contexts.

The current data converge on two non-mutually exclu-
sive scenarios regarding binding to apparently non-active 
sites.

First, TEs could serve as reservoir of NF-Y molecules 
that can be readily mobilized to keep growth-promoting 
genes up and running in cycling cells. In this respect, we 
remark a higher percentage of TEs bound in transformed 
human cells compared to normal B lymphocytes; in 
mouse, there is a general trend of lower fractions of TEs 
bound (Fig. 1), but higher percentages are in transformed 
MEL, CH27, CH12 and mESCs, compared to normal 
myoblasts/myocytes, MEFs, keratinocytes. Whether this 
is a biological trend should be assessed in systems of 
step-wise cell transformation.

Second, NF-Y could take an active part in repres-
sion of some of these locations or keep their transcrip-
tional activity low; inhibition of the repressive HDACs, 
DNMTs, or removal of KAP1 or ZNF676, is sufficient 
to unleash a positive role for NF-Y. Note, however, that 
this was not observed in U7 snRNA-dependent units. It 
remains to be studied whether the repressive complexes 
are recruited in part via NF-Y/CCAAT -or the NF-Y/
MAF combination- and what are the relationships with 
U7 snRNAs.

Conclusions
Our results represent a useful resource of genomic data 
on NF-Y binding to repetitive sequences, widening our 
knowledge in human cells, and demonstrating its pres-
ence in mouse cells for the first time. Put in the context of 
functional data, and on recent findings in the literature, 

we propose that NF-Y has a complex role -positive or 
negative- in three major classes of TEs bound.

Methods
Overlap analysis and annotation
Overlap analysis was conducted as follows (Fig. S1). 
ChIP-seq peaks were analyzed with ChIPseeker R pack-
age [62] and overlaps were performed with plyranges R 
package [63]. Bound repetitive regions were calculated 
intersecting peaks summit to repeatmasker annota-
tion: hg38 and mm10 for human and mouse respectively 
(Fig. 1).

Genomic annotation within TEs was obtained by run-
ning annotatePeak function on peaks summit, setting 
-450 and 50 as ‘TSS’ region, and using UCSC knownGene 
database (Fig. S4). The genomic features annotation was 
collapsed for each experiment as previously described 
[42].

Analogously, chromatin states of TEs were obtained by 
overlapping peaks summit to the Roadmap Epigenomics 
Project mnemonics bed files (Fig. 5).

ENCODE SCREEN platform was used to recover the 
human cCREs locations. cCREs were collapsed in fewer 
categories merging distal Enhancer (dELS) and proximal 
Enhancer (pELS) in Enhancer (ELS). Resulted regions 
were intersected with selected TEs bound by NF-Y in 
Fig. 3 (Figs. 6, S5). Enhancer-target gene links of human 
ENCODE cell lines were retrieved from Enhancer Atlas 
2.0 [48] and were overlapped with repetitive elements 
bound by NF-Y annotated as ELS or Unmarked, accord-
ing to the cCREs (Fig. 6).

eRNA regions were downloaded from the TCeA data-
base [49] and overlapped with the selected TEs bound by 
NF-Y (Figs. 7, S6).

Repbase annotation enrichment
Raw data were homogenized in read length as previously 
described (Fig. S1) [42].

Reads of each ChIP-seq experiment were aligned 
against the collection of repeats consensus sequences 
available in the Repbase 26.10 database [64] with bow-
tie2, allowing for multi-mapping events and reporting 
primary alignments. To assess enrichment in repeats 
with respect to the rest of the genome, ChIP-seq reads 
were also aligned against the reference genome, keeping 
only uniquely mapping reads.

For each repeat consensus of Repbase, the enrichment 
score was then calculated as follows:

 	• Given X reads mapping on a repeat consensus 
over a total of N mapping on the genome for the IP 
experiment;
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 	• Given Y reads mapping on a repeat consensus 
over a total of M mapping on the genome for the 
corresponding control (Input or IgG);

The enrichment score s was computed as s = X/E, where 
the E = N(Y/M) represents the expected number of reads 
mapping on the repeat by chance, estimated from the 
control experiment. Enrichment values were finally log-
corrected. The corresponding statistical significance 
was assessed according to a Poisson distribution, with 
𝜆=E. N and M were calculated as the overall number of 
reads uniquely mapping on the genome and to repeats, 
respectively.

Genomic alignment
Repetitive elements classes with high enrichment in 
binding for NF-Y and the indicated TF in the correlation 
heatmap in Fig. 3 were selected for genomic alignments. 
Sequences were first filtered for the binding of NF-Y and 
the indicated TF in at least one experiment. Genomic 
alignments were performed with Jalview v. 2.11.4.1 [65] 
running Muscle algorithm set with default parameters.

Motif analysis
The number of CCAAT boxes present within repetitive 
elements (using the Repbase 26.10 humrep.ref file) shown 
in Fig. 3 was computed by a custom Python script calling 
BioPython [66] library functions. Quality scores of the 
CCAAT box instances were computed with Pscan [67].

Motif enrichment in sequences between conserved 
motifs in genomic alignments was run with XSTREME 
v.5.5.7 from MEME suite [68], giving as input the aligned 
sequences and filtering out gaps.

RNA-seq data processing
Sequence reads for each experiment were aligned onto 
the human genome (assembly hg38) with STAR [69], 
allowing multimapping up to 100 positions. Feature-
Counts [70] was employed to estimate read counts for 
the repetitive sequences providing the repeatmasker-
based gtf file available on ​h​t​t​p​​:​/​/​​h​a​m​m​​e​l​​l​l​a​​b​.​l​​a​b​s​i​​t​e​​s​.​c​​s​h​l​​.​
e​d​u​​/​s​​o​f​t​w​a​r​e​/ website. Resulting counts on repetitive loci 
were normalized to TPM for downstream analyses.

Statistical analyses and plots
Statistical analyses were run -and plots generated- in 
R environment (v. 4.2.0) using tidyverse [71] suite and 
ggstatsplot [72]. Statistical tests were indicated in each 
Figure legend.

RT-qPCR
Total RNA obtained from siRNA treated HeLa cells 
[44] was purified using RNeasy Plus Micro (Qiagen) kit, 
including the genomic DNA elimination column step. 

One microgram of RNA was reverse-transcribed using 
SuperScript II reverse transcriptase (Invitrogen) and ran-
dom primers according to the manufacturers’ protocol, 
including RT- controls. cDNA was diluted 1:3 and used 
in qPCR reactions using SsoAdvanced Universal SYBR 
Green Supermix (Biorad) in a CFX Duet Real-Time PCR 
System (Biorad). Primers used are listed in Supplemen-
tary Table S1. Two technical replicate reactions were run 
for each of the three biological replicates (n = 3). RT- sam-
ples were analyzed to assess the extent of genomic DNA 
carryover. Relative expression was calibrated to the ribo-
somal protein gene RPS20 and normalized to the control 
siRNA treated sample using the 2−ΔΔCt method.
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