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The Human Silencing Hub (HuSH) complex silences retrotransposable ele-
ments in vertebrates. Here, we identify a second HuSH complex, designated
HuSH2, which is centered around TASOR2, a paralog of the core TASOR pro-
tein in HuSH. Our findings reveal that HuSH and HuSH2 localize to distinct and
non-overlapping genomic loci. Specifically, HuSH localizes to and represses
LINE-1 retrotransposons, whereas HuSH2 targets and represses KRAB-ZNFs
and interferon signaling and response genes. We use in silico protein structure
predictions to simulate MPP8 interactions with TASOR paralogs, guiding
amino acid substitutions that disrupted binding to HuSH complexes. These
MPPS8 transgenes and other constructs reveal the importance of HuSH com-
plex quantities in regulating LINE-1 activity. Furthermore, our results suggest
that dynamic changes in TASOR and TASOR2 expression enable cells to finely
tune HuSH-mediated silencing. This study offers insights into the interplay
of HuSH complexes, highlighting their vital role in retrotransposon regulation.

Retrotransposable elements constitute a substantial portion of the
vertebrate genome, with sequences derived from retroelements
representing approximately 42% of the human genome. This obser-
vation underscores the transformative role of reverse transcription
products and the reverse transcriptase enzyme in shaping genome
composition and regulation. To mitigate potential genomic instability
induced by transposons, cells have evolved intricate silencing
mechanisms involving covalent modifications to histones and DNA,
thereby effectively suppressing the activity of these parasitic genetic
elements.

The HuSH complex plays a central role in the epigenetic reg-
ulation of retrotransposons through its association with chromatin
and RNA-modifying proteins. For instance, HuSH interacts with
SETDBI, facilitating the deposition of histone H3 lysine 9 trimethy-
lation (H3K9me3), and MORC2, an ATP-dependent chromatin remo-
deler crucial for transcriptional repression'”. The recruitment of
these effectors stimulates the catalysis of H3K9me3 and the forma-
tion of heterochromatin®?. The targets of the HuSH complex include
endogenous retroviruses (ERVs), LINE-1 (L1) retrotransposons,

pseudogenes, and intron-less mRNAs transcribed by RNA polymerase
1l that exceed a length of approximately 1.5 kilobases**™.

While a comprehensive understanding of HuSH recruitment to
genomic loci is not complete, previous work suggests that engage-
ment with RNA is essential for effective transposable element repres-
sion by the complex®’. Additionally, the presence of introns appears to
confer protection against HuSH-mediated silencing of transgenes®.
Through genome-wide analyses, two categories of HuSH targets have
been identified. The first category consists of evolutionarily young
transposable elements that exhibit a high abundance of repressive
histone modifications®. The second category comprises expressed
coding and non-coding pseudogenes that lack repressive histone
modifications and transposons®’. Although the role of HuSH in silen-
cing is well-documented, the precise regulatory mechanisms govern-
ing HuSH localization and function are not fully understood.

In this study, we report the discovery of a HuSH complex variant,
HuSH2, which includes canonical members MPP8 and PPHLNI cen-
tering around TASOR2. We find that HuSH2 localizes to and represses
the expression of interferon-stimulated genes (ISGs). Additionally, the
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abundance of HuSH and HuSH2 complexes is influenced by alterations
in TASOR and TASOR2 levels, due to competition between TASOR
proteins for a limited amount of MPP8 and PPHLNI1. Modifying the
balance of the two HuSH complexes within cells informs the regulation
of transposable elements, such as LINE-1 in human lymphoblast cells.

Furthermore, the intricate interplay between HuSH and HuSH2
complexes involves their specific binding to distinct loci on human
chromosomes. Notably, variations in the levels of core TASOR proteins
disrupt the precise localization of these complexes, highlighting the
critical role of this core subunit in maintaining proper genomic orga-
nization. By introducing targeted residue substitutions that disrupt the
interactions between MPP8 and TASOR or TASOR2, we provide com-
pelling evidence that these interactions are crucial for the localization
and silencing mechanisms of HuSH. This study highlights the impact of
altering the levels of HuSH complexes, emphasizing their essential role
in regulating silencing mechanisms and linking the recognition and
silencing of retrotransposon elements with the induction of an
immune response.

Results

Identification of TASOR2 as the core subunit of the HuSH2
Complex

The mechanisms responsible for the recruitment of the HuSH complex
to specific genomic regions are not yet fully understood, leaving
important questions about how this complex is recruited to silence
retrotransposable elements and pseudogenes. Additionally, the sub-
units that constitute the HuSH complex lack apparent enzymatic
activity; instead, the prevailing model proposes that the complex pri-
marily functions as a central hub, enabling essential protein-protein
interactions necessary for its silencing activities’. To identify
proteins associated with the HuSH complex that may contribute to its
recruitment and silencing functions, and potentially uncover unde-
scribed core members, we conducted an extensive study utilizing a
rigorous immunoprecipitation (IP) approach coupled with liquid
chromatography-tandem mass spectrometry (LC-MS/MS) analysis
(Fig. 1B-D). Specifically, we employed stably expressed epitope-tagged
transgenes of the known HuSH core complex members, TASOR, MPPS,
and PPHLNI, in HEK293 cells.

As anticipated, our analyses employing LC-MS/MS, immunoblot-
ting, and silver staining techniques validated the associations between
MPP8, PPHLN1, and TASOR. However, we made an intriguing and
unexpected discovery of an association between MPP8 and PPHLN1
with an uncharacterized protein, fam208b, also known as TASOR2, a
paralog of TASOR (Fig. 1B). Utilizing mass spectrometry analysis on
samples obtained from FLAG-PPHLNI and FLAG-MPP8 immunopreci-
pitation, we achieved comprehensive peptide coverage across
TASOR2 (Supplementary Fig. 1C, D). Although human TASOR and
TASOR2 paralogs are predicted to possess N-terminal pseudo-PARP
domains, our mass spectrometry data did not reveal any peptides
originating from the TASOR2 pseudo-PARP domain in our immuno-
precipitation experiments. Notably, the TASOR2 isoforms that lack the
exons encompassing the N-terminal pseudo-PARP domain, are found
expressed in most if not all human tissues (exons 2-4; Supplementary
Fig. 1A). These findings suggest that the TASOR?2 isoform lacking the
pseudo-PARP domain is predominant in HEK293 and K-562 cells and
we have confirmed that this isoform associates with PPHLN1 and MPP8
(Fig. 1B-E and Supplementary Fig. 1C, D).

Mutually Exclusive Assembly of HuSH and HuSH2 Complexes

To validate and further explore the association of TASOR2 with the
HuSH subunits, we generated stable K-562 cell lines expressing FLAG
epitope-tagged TASOR and TASOR2 transgenes, followed by FLAG
immunoprecipitation. Our findings revealed that TASOR2 specifically
associated with PPHLN1 and MPP8 but did not co-immunoprecipitate
with TASOR (Fig. 1B, C). Conversely, TASOR co-IP experiments clearly

demonstrated an association with PPHLN1 and MPP8, whereas no such
association was observed with TASOR2 (Fig. 1B, C). Additionally, an
anti-MPP8 antibody efficiently co-immunoprecipitated TASOR2 in a
manner dependent on MPP8 (Table 1). Similarly, co-
immunoprecipitation experiments using an anti-TASOR antibody
demonstrated the TASOR-dependent association with MPPS; however,
no interaction with TASOR2 was detected (Fig. 1E). These experiments
collectively illustrate the existence of mutually exclusive HuSH
assemblies for TASOR and TASOR2, suggesting the potential for dis-
tinct roles of these proteins within HuSH complexes.

In addition to TASOR2, our immunoprecipitation experiments
identified both previously described and undescribed associations
with HuSH assemblies. Notably, we detected subunits of the human
nuclear exosome targeting (NEXT) complex, the zinc finger protein
NP220 (also known as ZNF638)°, components of the EHMTI/2
complex”, and proteins involved in DNA damage response'” as HuSH-
associating proteins. Additionally, we observed previously unde-
scribed associations between HuSH and RNA-binding proteins, as well
as chromatin-binding proteins (Supplementary Fig. 2A, B). Some pro-
teins involved in gene repression showed distinct associations with
either TASOR or TASOR2. For instance, NP220 and EHMT1/2 complex
associated with HuSH, while HCFC-1 and SIN3A were associated with
HuSH2. However, most associated proteins did not exhibit a distinct
preference between the two HuSH complexes.

Prior work has proposed that TASOR serves as the core subunit
for the HuSH complex, primarily based on the inability of MPP8 to
co-immunoprecipitate PPHLNL in overexpression experiments in
cells’™, Our immunoprecipitation experiments demonstrated that
TASOR and TASOR2 exhibit mutual exclusivity in their associations
with MPP8 and PPHLNI. To investigate the function of TASOR2 and
other HuSH subunits, we employed CRISPR/Cas-9 technology to
create knockout cell lines for MPP8, PPHLN1, TASOR, and TASOR2, as
well as a dual knockout of TASOR/2. We observed that epitope-
tagged PPHLNI can associate with MPP8 in cell lines where either
TASOR or TASOR2 has been knocked out. However, the association
between PPHLN1 and MPP8 was completely abrogated in the double
TASOR/2 knockout cells (Fig. 1F). These findings indicate that TASOR
and TASOR?2 facilitate the association between MPP8 and PPHLN1
and suggest that TASOR2 may serve as the core protein for a second
HuSH complex. Notably, we observed a discernible reduction in the
amount of MPP8 associating with PPHLN1 in co-immunoprecipitation
experiments from TASOR knockout cells compared to TASOR2
knockout cells. This observation suggests that HuSH is more abun-
dant than HuSH2 within K562 cells, as corroborated by the stoi-
chiometry observed in a silver stain of both complexes (Fig. 1D). The
results obtained from the immunoprecipitation experiments provide
robust evidence for the existence of two distinct HuSH complexes,
each organized around one of the two TASOR paralogs. Prior
research on HuSH has revealed its association with both pseudo-
genes and retrotransposable elements®*®5,

Genomic localization and targeting of HuSH and HuSH2
To address the question of whether the two HuSH complexes associate
with overlapping or distinct genomic loci, we generated knockout cell
lines for each HuSH subunit and conducted ChIP-seq experiments
using antibodies specific for TASOR, TASOR2, MPP8, and PPHLNI1. We
selected the human K-562 chronic myelogenous leukemia (CML) cell
line for our studies due to its high levels of TASOR2 expression and
average levels of TASOR expression relative to other commonly used
cell lines (Supplementary Fig. 2C, D). This approach enabled us to
identify the genomic binding sites of the HuSH complexes and evalu-
ate the influence of individual subunits on their localization (Fig. 2A, B,
E and Supplementary Fig. 3).

Our ChiIP-seq data revealed a notable correlation between the
localization of MPP8 and PPHLNLI in the presence of either TASOR or
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TASOR2. By examining MPP8 and PPHLNI1 ChIP-seq peaks in TASOR
and TASOR2 knockout cell lines, we identified specific genomic
regions bound by either the HuSH or HuSH2 complex (Fig. 2C and
Supplementary Fig. 4A). HuSH peaks were defined as genomic regions
where MPP8 and PPHLNI, co-localize, and which are dependent on
TASOR but not on TASOR2. Conversely, HuSH2 peaks were defined as
genomic regions where MPP8 and PPHLNI co-localize in the absence of
TASOR, and which are dependent on TASOR2. We observed the co-

localization of MPP8, TASOR, and PPHLNI in the HuSH complex at 264
genomic sites. Notably, HuSH and HuSH2 exhibited no overlap in their
designated genomic regions (Supplementary Fig. 4A). Our ChIP-seq
analyses further revealed a strong correlation between HuSH peaks
and LINE-1 elements, with nearly 40% of HuSH ChIP peaks located near
LINE-1 elements, particularly within the LIHS and L1PA families of pri-
mate LINE-1 elements (Supplementary Fig. 4C, D). In contrast, HuSH2
peaks showed minimal overlap with LINE-1 elements and were
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Fig. 1| Identification of a second HuSH complex in human cells. A Molecular
representation of each HuSH complex member and TASOR2, with position of FLAG
epitope tag and each known domain named. BD= Binding Domain, AA=amino acid.
B Immunoprecipitation-mass spectrometry (IP/MS) analysis performed in
HEK293T cells expressing FLAG-tagged transgenes (x-axis). This analysis revealed
the association of TASOR2 with PPHLN1 and MPP8 (y-axis). The data is presented as
the Normalized Spectral Abundance Factor (NSAF), normalized to the length of
prey targets and compared to a wild-type HEK293T immunoprecipitation negative
control. Immunoprecipitation-mass spectrometry was conducted in biological
duplicates and a standard student’s t-test was performed to calculate p-values for
statistical significance. C Immunoblots of FLAG immunoprecipitation (IP) in K-562

cell-line expressing no transgene (wild type; WT -), FLAG-TASOR, or FLAG-TASOR2.
This experiment was repeated at least twice independently with similar results.

D Silver stain of FLAG-PPHLN1 immunoprecipitation (IP) from ammonium sulfate
nuclear extract of 293 F cells. This experiment was repeated three independent
times with similar results. E Immunoblots of MPP8 and TASOR immunoprecipita-
tion (IP) in parental wild-type cells or MPP8 knockouts (KO) or TASOR KOs
expressing FLAG-TASOR2. This experiment was repeated at least twice indepen-
dently with similar results. F Immunoblots of FLAG immunoprecipitation (IP) per-
formed in stable genome edited HuSH knockout K-562 cells, expressing no
transgene (Neg. Control) or FLAG-PPHLNI (isoform 3). This experiment was repe-
ated at least twice independently with similar results.

Table 1| Antibodies

Antibody Application Vendor (catalog number)
LINE-1 ORF1p Western blot CST (D3W90)

TASOR Western blot and ChIP ATLAS (HPAOO6735)
MPP8 Western blot and ChIP Proteintech (16796-1-AP)
PPHLN1 Western blot and ChIP ATLAS (HPAO38903)
TASOR2 Western blot and ChIP Made in house
Anti-FLAG/DYKDDDDK Western blot Invitrogen (PA1-984B)
GAPDH Western blot Millipore (MAB374)

predominantly located near gene promoters and enhancers (Supple-
mentary Fig. 4B, C). This distinct localization pattern suggests different
genomic targeting mechanisms for the HuSH and HuSH2 complexes.

Functional implications of TASOR2 in LINE-1 silencing

We observed a notable increase in the enrichment of MPP8 and
PPHLN1 at HuSH2 sites in TASOR knockout cells. In contrast, there was
minimal change in the enrichment of TASOR, MPP8, and PPHLNI at
HuSH sites in TASOR2 knockout cells (Fig. 2C, D and Supplementary
Fig. 3). These findings corroborate our co-immunoprecipitation
results, which suggest higher amounts of HuSH compared to HuSH2
in K-562 cells (Fig. 1D, F). Based on insights from our co-
immunoprecipitation and ChIP-seq experiments, we propose a
model wherein MPP8 and/or PPHLNI serve as critical and limiting
factors, influencing the formation of the HuSH complex around either
TASOR or TASOR2.

To evaluate our hypothesis concerning the competitive interac-
tion between TASOR proteins and their influence on the localization of
the two complexes, we conducted MPP8 ChIP experiments in cell lines
overexpressing epitope-tagged TASOR or TASOR2 proteins
(Fig. 3A-C). Notably, the overexpression of either TASOR or TASOR2 in
wild-type parental cells led to a reduction in MPP8 levels at the
opposing genomic sites. These data support the proposed model,
suggesting that MPP8, and potentially PPHLNI, play pivotal roles as
limiting members in the assembly of functionally competent HuSH
complexes. Building upon these ChIP-seq results, we hypothesized
that MPP8 and PPHLNI may be limiting components of the HuSH
complexes. To further test this hypothesis, we generated RNA-seq data
from TASOR knockout cells and identified differentially expressed
genes upon the loss of TASOR, which could be restored upon com-
plementation with a TASOR transgene (Fig. 3E and Supplementary
Fig. 5B). We observed that overexpression of TASOR2 could partially
phenocopy the differential gene expression caused by the loss of
TASOR (Fig. 3D, E). This finding suggests that although TASOR and
TASOR2 occupy distinct genomic regions, their functional interplay
appears to be modulated by the concentrations of the other paralog,
thereby highlighting the critical roles of MPP8 and PPHLNI as limiting
factors within this regulatory pathway.

To investigate the roles of HuSH2 and TASOR2 in LINE-1 silencing,
we evaluated ORF1p levels in HuSH subunit knockout cells (Fig. 4A).

We observed a marked upregulation of ORFlp in the PPHLN1, MPPS,
and TASOR knockout cell lines, indicating derepression of LINE-1
silencing, consistent with previous research findings. Notably, ORF1p
expression remain unchanged in TASOR2 knockout cells compared to
wild-type parental cells. This observation aligns with the absence of
HuSH2 ChlIP-seq peak enrichment at LINE-1 elements, suggesting that
TASOR2 does not play a direct role in repressing LINE-1 elements
within the HuSH complex regulatory network. Our immunoblot ana-
lysis revealed a decrease in the steady-state levels of MPP8 and PPHLN1
in TASOR knockout cells. Conversely, the deletion of PPHLN1 or MPP8
resulted in reduced TASOR levels. However, TASOR2 knockout cells
did not show a similar decrease, further supporting the notion of
reduced HuSH2 levels in these cells (Fig. 4A).

We introduced wild-type transgenes of PPHLN1, MPP8, and
TASOR to investigate their potential to rescue the silencing of LINE-1in
the respective knockout models. Notably, our findings demonstrate
that each of these transgenes effectively restored LINE-1 silencing in
their corresponding knockout cell lines and stabilize levels of other
HuSH complex members (Fig. 4B, C, F). Furthermore, we observed that
TASOR was also capable of rescuing LINE-1 silencing in a double
TASOR-TASOR2 knockout cell line (Fig. 4D). These results provide
robust evidence for the regulatory role of HuSH in silencing LINE-1
elements and underscore the contributions of all subunits in this
process (Fig. 4E). In contrast, the expression of a TASOR2 transgene in
a TASOR knockout background failed to rescue LINE-1 silencing but
did successfully restore MPP8 protein steady-state levels (Fig. 4F).

Role of MPPS8 in HuSH complex assembly and function

Our co-immunoprecipitation and ChIP-seq findings led us to propose
that PPHLN1 and/or MPP8 are limiting HuSH subunits in K-562 cells.
Consequently, we suggest that competition for these two subunits
could potentially regulate LINE-1 elements silencing by altering the
levels of HuSH and HuSH2 in cells. An increase in HuSH2 would lead to
a decrease in HuSH and loss of LINE-1 silencing (Fig. 41). To test this
hypothesis, we titrated the levels of a wild-type TASOR2 transgene in
TASOR2 knockout cells. We found that high levels of the TASOR2
transgene led to derepression of LINE-1, mimicking the effect observed
in TASOR knockout cells (Fig. 4G). Additionally, we observed that high
levels of a wild-type TASOR2 transgene in wild-type K-562 cell line also
led to derepression of LINE-1 elements (Fig. 4H). Importantly, over-
expression of a wild-type TASOR transgene did not have this effect.
These findings reveal that by manipulating the expression levels of
TASOR and TASOR?2, either through knockout or overexpression, we
can modulate the levels of HuSH and consequently alter the silencing
of LINE-1 elements.

Our findings indicate that MPP8 and/or PPHLNI serve as limiting
factors in the assembly of HuSH complexes. We aimed to gain a deeper
understanding of how MPP8 functions in modulating the equilibrium
within HuSH complexes. Our hypothesis centered on the notion that
disrupting the interaction between MPP8 and either TASOR or TASOR2
would result in changes in cellular levels of HuSH2 or HuSH. To achieve
this, we employed AlphaFold2 predictions to investigate the formation

Nature Communications | (2024)15:9492


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-53761-w

A

Chr3:152,342,685-152,537,135 Chr8:128,370,006-128,394,731

[ VP STRP DIPRVU TP PR T

G
T S
[ I
%* AR %_JLL_
DUV VO e
; .

[

N

[

[

39 [ 86
e e—ana 4 -~ —_——
et |
39 [aoo I
39 w0
[TV T PR AN A PTOT PATY Y [
@ LTR12D LTR12F
} } Hi- MBNL1 HERVS-int ; HERVS-int
E HERV17rinlE.
C WT MPP8 KO TASORKO TASOR2 KO TASORs D
dKO
—HuSH Peaks
10 A ““HuSH2 Peaks
5 M//\'*— _‘,AZL_ N e
center center center center center
= 14
3
©
~
]
£
)
<
©
o
o
I
(7]
3
T 10

HuSH2 Peaks (n = 407)

-10 10Kb -10 10Kb -10 >10 Kb -10 10 Kb -10 10Kb

Fig. 2 | Distinct Genomic Localization of Two HuSH Complexes. A IGV genome
browser tracks of MPP8, PPHLN1, TASOR, and TASOR2 ChiP-seq in parental wild
type (WT) and knockout (KO) cell lines. One HuSH site is shown (left) at an LIPA7
element within MBNL1. One HuSH2 site is shown (right) at LTR elements. B Average
profile of PPHLN1, MPP8, TASOR, and TASOR2 ChlIP-seq across HuSH and

HuSH2 sites created using Deeptools. C Heatmap and peak profiles illustrating
MPP8 ChiP-seq results, performed in K-562 cells in HuSH knockout backgrounds.
Peaks were called using MACS2 in biological replicates (n =2) of TASOR knockout
and TASOR2 knockout, generating two non-overlapping regions, corresponding to
HuSH2 and HuSH sites, respectively. D Bar chart showing MPP8 ChIP-qPCR results,

10 kb
—

B
i PPHLN1 ChiP-seq
— HuSH Peaks
— _HuSH2 Peaks
K-562 input 8
wr 4 M
|
MPP8 KO
MPP8 ChIP-seq
o 15
PPHLN1KO | T =
T3
53 10
TAsOR2KO | 8
5 ,\MM/\—R,‘
TASOR KO
TASORs dKO R TASOR ChIP-seq
wT g 3
E 4
¢z
PPHLN1KO | @ &
2 /\/”\/”\«/\/\/\\'\/\
wT o4 ’/\/\/\N
E
T
Tasorko | § 3 TASOR2 ChlP-seq
20
2 8 15
TASOR2KO | @ &
10
-10 Kb center 10 Kb
m
Q
= 40+
o B wt
>
» "i 304 ° Il TASOR KO
52 Il TASOR2 KO
E§
£ ¢ 20
b 3 o o
210
kS
@
k=3 CFLAR Chr3 Chr18 RBCK1
| HuSH1 Sites 1 1 HuSH2 Sites |
m
o
2 15+
o [ WT (TASOR ChiP)
>
B Il TASOR KO (TASOR ChIP)
- o
S 2 10-e o 3 WT (PPHLN1 ChIP)
% § [ PPHLN1 KO (PPHLN1 ChIP)
20
=
& 2 % ° .
£ . .
c
@
e
g CFLAR Chr3 Chr18 RBCK1

| HuSH1 Sites |

| HuSH2 Sites |

performed in technical replicates (n =2) of knockout cell lines at HuSH and
HuSH2 sites. Enrichment was measured as the percent input over the average
percent input at negative control sites (GNG and RABL3). Each replicate is plotted
asa dot and bars are graphed to depict the mean of each measurement. E Bar chart
showing TASOR (blue) and PPHLN1 (peach) ChIP-qPCR results, performed in
technical replicates (n = 2) of WT and knockout cell lines at HuSH and HuSH2 sites.
Enrichment was measured as the percent input over the average percent input at
negative control sites (GNG and RABL3). Each replicate is plotted as a dot and bars
are graphed to depict the mean of each measurement.

Nature Communications | (2024)15:9492


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-53761-w

A B wT WT + WT +
5 kb 5kb TASOR2 TASOR
Chr4:13,576,605-13,639,694 = Chr5:25,538,360-25,598,572 — 10 —HUSH_Peaks
- 38 ~ 63 “~HuSH2 Peaks
\\ \\ WT input
S i 3 6
; & M/\M o Sad 1 A
[_.__.A_ ( "
PV U B .—A-L e center center center
38 - 63 - ==
MPP8 KO )
L_~__ —— ‘l R . _ 53 §
- 38 - 63
TASOR2 KO I3
e modibnlid, . | -— [239) £ 12
[ ’7 TASOR KO O & ©
— . — ot Lo R @ @ g
38 3 Q )
[ ’7 TASORs dKO (2] 10
D U\ — 5 E=
- 12 - 26 ° % I
L_ . o L ‘ WT + FLAG-TASOR2 | 5 &
- ——— S —_ g
1 26 = g
WT +FLAG-TASOR | @ P 8
L DV SRRV N —— @» &
@ o
o Qa
—————— N ——— 80D1L1 ‘s >
LTR12F :
S 6
n
D £
Downregulated Upregulated el
» i
o 4
=
Lo T
7]
o S|
I I TFPI T
6 o 2
o =
(I
o < =
o c 2 = =
r 40  10Kb -10  10Kb -10  10Kb
(I
©RNAS5-8SN5 o 7
I | TSPYL6 S 25+
° 3 * %%k
=S 3 2
5 PHLDAT vl PCDHGA4 . g 20
2 ZNF776  TDRD5 0 € o
z MBHL3 : : vetae TDRD6 2L 5 = * - W
3 oy MOLLVOL Ay e PLCBT 53 3 WT + FLAG-TASOR
2 s 3 o o E g 101 1 WT + FLAG-TASOR2
T . 5 -
CER51:‘PD><D§2P AR I:.;- . .. [in] 2
) ENotP1 ‘e® ‘}d long 3, & = 5
L o ot c
. & o [
I. % g . g 0
) | .4 2 CFLAR  Chr3  Chri8 RBCK1
13- -=-=7-=-3 - Aadeiati i | HuSH Sites | | HuSH2 Stes |
F
1o
'
(.
0 |
-10 -5 101 5 10 E sk
logFC
som 1X *k *
DE in TASOR KO (total 267) c " *
wT
* LogFC <-1 (131 2w -
. L 9 e (136) 8 B TASOR KO
og (136) g 30 3 KO + FLAG-TASOR
. ® 20 WT + FLAG-TASOR2
& Also DE in TASOR2 H =
. ]
overexpression (100) s 10
0
TDRD5  PCDHGA4 PCDHGA6

of secondary and tertiary structures during the complex formation
between the TASOR proteins and MPP8".

Previous studies have already defined the interaction domains
between TASOR and MPP8, which include the MPP8 region located
C-terminal to the ankyrin repeats, as well as the DUF3715, SPOC, and
Doml domains of TASOR"”, Although the Doml domains in TASOR and
TASOR?2 orthologs display substantial dissimilarity in their sequences,
AlphaFold2 predictions suggest that both human TASOR proteins
share a similar predicted secondary structure (Fig. 5A) and adopt a

structurally analogous fold that encompasses four alpha helices. One
of these alpha helices is anticipated to interact with a 137-residue
domain situated at the C-terminus of MPP8, comprising of beta-sheets
and an alpha helix. We generated TASOR and TASOR2 transgenes with
two amino acid substitutions, in which we replaced leucine or iso-
leucine residues with arginine. Subsequently, we introduced these
transgenes into TASOR and TASOR2 knockout cells. Our results
revealed that the dual L/I-to-R substitutions in both TASOR proteins
disrupted their interaction with MPP8 while leaving the interaction
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Fig. 3 | TASOR overexpression indicates competition for the limiting subunits.
A IGV genome browser tracks of MPP8 ChIP-seq in parental wild-type (WT),
knockout (KO) cell lines, and FLAG-TASOR or FLAG-TASOR2 overexpression sys-
tems. One HuSH site is shown on the left at the exon of BODIL1, and one HuSH2 site
is shown on the right at an LTR element. B Heatmap and peak profiles displaying
MPP8 ChiP-seq results, performed in K-562 cells with FLAG-TASOR or FLAG-
TASOR?2 overexpression. The results are sorted into either HuSH or HuSH2
dependent peaks. C Bar chart illustrating MPP8 ChIP-qPCR conducted in technical
replicates (n =2) of FLAG-TASOR or FLAG-TASOR2 overexpressing cell lines at
HuSH and HuSH2 sites. Enrichment is measured as a percentage of input over the
average percentage input at negative control sites (GNG and RABL3). Each replicate
is plotted as a dot and bars are graphed to depict the mean of each measurement.

D Volcano plot presenting total RNA-seq (ribo-depleted) differential expression
analysis of genes in K-562 TASOR knockout (KO) cells, performed with two biolo-
gical replicates, compared to WT puromycin-resistant biological replicates. Dif-
ferentially expressed (DE) genes (red and blue) meet the following criteria: logCPM
> 1, |logFC| > 1, and p-value < 0.05. Statistical analysis was performed using EdgeR
default settings. Out of the 267 differentially expressed genes, 100 (black) are
differentially expressed in the same direction in WT + FLAG-TASOR?2 cells. E Bar
chart showing RT-qPCR performed in biological replicates (n=2) using RNA col-
lected from WT clones, TASOR KO, TASOR KO rescued with FLAG-TASOR trans-
gene, and WT overexpressing FLAG-TASOR?2. Expression levels are measured
relative to GAPDH and WT RNA. Each replicate is plotted as a dot and bars are
graphed to depict the mean of each measurement.

with PPHLN1 unaffected, as demonstrated by co-immunoprecipitation
(Fig. 5B, C).

The expression of the mutant TASOR transgene in a TASOR
knockout background failed to restore LINE-1 silencing, a function
effectively accomplished by expression of a wild-type TASOR
transgene (Fig. 5D). When introduced in the context of a TASOR2
transgene, the L/I-to-R substitutions impaired the ability of
TASOR2 overexpression to cause derepression of LINE-1, a function
attainable with overexpression of wild-type TASOR2 in parental
K-562 cells (Fig. 6E). To assess whether the derepression of LINE-1
elements is indeed linked to the inability of MPP8 to interact with and
form HuSH, we performed chromatin immunoprecipitation
(ChIP) targeting MPPS8, followed by quantitative polymerase chain
reaction (MPP8 ChIP-qPCR), in the TASOR mutant transgenic K-562
cell lines. TASOR knockout cells expressing the mutant
TASOR transgene exhibited no MPP8 localization at HuSH sites but
did not affect localization to HuSH2 sites (Fig. 6F). Additionally,
TASOR2 knockout cells expressing a TASOR2 mutant transgene
resulted in a loss of MPP8 localization at HuSH2 sites, but not
HuSH sites (Fig. 6G). These findings underscore the significance of
MPPS8 in the formation of the HuSH complexes, and therefore the
functionality.

Our data provide evidence for the existence of a second HuSH
complex centered around TASOR2, which exhibits distinct localiza-
tion patterns within the human genome. Except for the pseudo-PARP
domain, which is absent in the dominant TASOR2 isoform found in
most cells (Supplementary Fig. 1A), all other known domains in
TASOR are present in TASOR2 (Fig. 1A). Previous studies have sug-
gested that the pseudo-PARP plays an important role for HuSH in
LINE-1 silencing’’®. We aimed to explore the importance of the
TASOR pseudo-PARP domain in the localization of HuSH and silen-
cing of LINE-1 in K-562 cells. Additionally, we sought to determine
whether TASOR lacking its pseudo-PARP domain can relocalize to
HuSH2 sites.

To address these hypotheses, we introduced a wild-type TASOR
transgene or a TASOR transgene lacking the pseudo-PARP domain in
TASOR knockout cells and performed ChIP-seq experiments (Sup-
plementary Fig. 5). Our findings revealed that TASOR knockout led to
the loss of TASOR ChlIP-seq signal at HuSH sites, accompanied by an
increase in the LINE-1 ORFlp protein (Supplementary Fig. 5B, C).
Furthermore, the introduction of a wild-type TASOR transgene into
TASOR knockout cells restored the ChIP-seq peaks associated with
HuSH (Supplementary Fig. 5C). Remarkably, we observed that a
TASOR transgene lacking the pseudo-PARP domain was unable to
effectively silence LINE-1 elements in a TASOR knockout, in contrast
to the wild-type transgene which demonstrated a robust decrease in
ORFlp levels (Supplementary Fig. 5B). Notably, the absence of the
pseudo-PARP domain resulted in no identifiable TASOR peaks,
similar to a full TASOR knockout. These results support the impor-
tant role of the pseudo-PARP domain of TASOR in HuSH localization.
However, the absence of the pseudo-PARP domain did not result
in the relocalization of PARP-less TASOR to HuSH2 sites. These

findings suggest that additional domains specific to TASOR2 are
instrumental in the localization to gene promoters and other chro-
mosomal regions exhibiting HuSH2 occupancy (Supplementary
Fig. 4B, C).

Recruitment mechanisms of HuSH2 to gene promoters

Given that the pseudo-PARP domain in TASOR is essential for its
localization to retrotransposons, but TASOR2 lacks this domain, we
hypothesized that TASOR2 is recruited through alternative mechan-
isms. We postulated that sequence-specific transcription factors might
associate with HuSH2 to facilitate its recruitment to genes. To inves-
tigate this, we completed TASOR2 ChlIP-seq, but due to the suboptimal
performance of commercially available TASOR2 antibodies in immu-
noblot and ChIP assays, we developed a rabbit polyclonal antibody
specific to a region of human TASOR2. This unpublished antibody
exhibited superior performance in both applications. Utilizing this
antibody, we identified TASOR2-bound genomic loci in K-562 cells,
revealing 471 TASOR2-enriched sites that were absent in TASOR2
knockout cell lines (Fig. 6D). We utilized high-quality TASOR2-enriched
sequences and employed HOMER to identify sequence motifs pre-
valent among TASOR2 peaks. Our analysis revealed a significant
enrichment of IRF1, IRF2, and ISRE motifs (Fig. 6A). We further ana-
lyzed available IRF1 and IRF2 ChIP-seq datasets in K-562 cells to assess
the extent of overlap between these transcription factors and TASOR2.
Our analysis revealed that 86% of TASOR2 peaks overlapped with IRF2
peaks in K-562 cells, suggesting a potential role of IRF2 in recruiting
HuSH2 (Fig. 6C). However, IRF2 was not identified in our mass spec-
trometry datasets. We attribute this absence to the stringent wash
conditions (750 mM KCI) employed to isolate direct interactors of
HuSH subunits.

Among the most enriched non-HuSH subunits detected in the co-
immunoprecipitation samples from TASOR2, MPP8, and PPHLN1 was
Host Cell Factor-1 (HCFC1, also known as HCF-1). HCFC1 is a multi-
functional protein involved in various transcriptional regulatory pro-
cesses, including transcriptional repression. Notably, we did not
identify HCFC1 as a TASOR-associated protein (Fig. 6B and Supple-
mentary Fig. 2A,B). HCFC1 is known to interact with multiple tran-
scription factors and co-repressors, thereby modulating gene
expression through these interactions. Previous high-throughput stu-
dies have reported an association between HCFC1 and IRF27'¢, OQur
findings indicated that 31% of TASOR2 ChlIP-seq peaks overlapped with
HCFC1 peaks in K-562 cells (Fig. 6C). Additionally, we observed a sig-
nificant overlap between IRF2 and HCFC1 ChIP-seq peaks, with over
90% of TASOR2-bound genomic loci overlapping with either IRF2 and/
or HCFCL.

The analysis of gene promoters within 1Kb of TASOR2 binding
sites revealed a notable prevalence of two categories: interferon-
stimulated genes (ISGs) and KRAB-ZNF genes (Fig. 6D). ISGs are genes
involved in interferon signaling, antiviral defense, and MHC class I
antigen presentation’” and KRAB-ZNF genes, play a role in genome
defense®. Specifically, IRF2, HCFC1, and TASOR2 shared genomic loci
were enriched with ZNF-KRAB gene promoters, while loci primarily
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Fig. 4 | The competition between two HuSH complexes regulates LINE-1
expression in K-562 cells. A Immunoblot of whole-cell lysate generated from
K-562 CRISPR-Cas9 stable KOs in bioreplicate. This experiment was repeated at
least four independent times with similar results. BImmunoblot of whole-cell lysate
generated from K-562 wild type (WT), knockout (KO), and FLAG transgene rescues
(B-D). These experiments were repeated at least twice independently with similar
results. B PPHLN1 KO and FLAG-PPHLNI1 (isoform 3); (C) MPP8 KO and MPPS-FLAG;
(D) TASORs dKO and FLAG-TASOR. E Schematic representation of the HuSH
complex silencing LINE-1 elements. F Immunoblot of whole-cell lysate from K-562
WT, TASOR KO, and TASOR KO with either FLAG-TASOR or FLAG-TASOR2
expressed, highlighting the differential expression and rescue efficiency. This

experiment was repeated at least twice independently with similar results.

G Immunoblot of whole-cell lysate from K-562 WT, TASOR2 KO with increasing
levels of FLAG-TASOR?2 transgene expressed, compared to a TASOR KO, illustrating
dose-dependent effects. This experiment was repeated at least twice independently
with similar results. H Immunoblot of whole-cell lysate from K-562 WT, over-
expression of FLAG-TASOR or FLAG-TASOR2 in a wild type (WT) background,
showing the impact of overexpression on HuSH complexes. This experiment was
repeated at least twice independently with similar results. I Diagram depicting the
competitive interaction between TASOR2 and other HuSH components (MPP8 and
PPHLNI1), demonstrating how increasing TASOR2 levels can destabilize the HuSH
complex and impair its ability to silence LINE-1 elements.
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structure of MPP8 -TASORs binding domains with Doml of both TASOR and TASOR2
overlapped. Mutated residues highlighted, predicted to disrupt interaction of MPP8
with TASOR (L602R, L606R) or TASOR2 (L269R, L272R). B Immunoblots of FLAG
immunoprecipitation (IP) performed in TASOR KO cell-lines stably expressing empty
vector (WT-), FLAG-TASOR wild type, or mutant transgene. This experiment was
repeated at least twice independently with similar results. C Immunoblots of FLAG
immunoprecipitation (IP) performed in TASOR2 KO cell-lines stably expressing empty
vector (WT-), FLAG-TASOR2 wild type, or mutant transgene. This experiment was
repeated at least twice independently with similar results. D Immunoblot of whole-cell
lysate generated from K-562 WT, TASOR KO, and WT/mutant transgene rescue cell-
lines. This experiment was repeated at least twice independently with similar results.
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E Immunoblot of whole-cell lysate generated from K-562 WT, TASOR2 KO, and WT/
mutant transgene rescue cell-lines. This experiment was repeated at least twice
independently with similar results. F Bar chart showing MPP8 ChIP-qPCR done in
technical replicates (n=2) of WT, TASOR KO, or WT/mutant transgene rescue cell-
lines. Intensity measured at HuSH and HuSH2 sites measured by enrichment of per-
cent input over average percent input at negative control sites (GNG and RABL3).
Each replicate is plotted as a dot and bars are graphed to depict the mean of each
measurement. G Bar chart showing MPP8 ChIP-qPCR done in technical replicates
(n=2) of WT or WT/mutant transgene overexpression cell-lines. Intensity measured at
HuSH and HuSH2 sites measured by enrichment of percent input over average per-
cent input at negative control sites (GNG and RABL3). Each replicate is plotted as a dot
and bars are graphed to depict the mean of each measurement.
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bound by IRF2 and TASOR2 were enriched with gene promoters Proposed model for HuSH and HuSH2 complex functions

involved in antiviral response. We employed quantitative real-time Collectively, these findings have led us to propose a model for the
PCR (gRT-PCR) to assess the expression levels of selected KRAB-ZNFs silencing of LINE-1 elements by the HuSH complex, and the repression
and ISGs, whose promoters were occupied by TASOR2. Our findings  of KRAB-ZNFs and ISGs by HuSH2. Under normal conditions in K-562
indicated that the loss of TASOR2, but not TASOR, resulted in the cells, TASOR acts as a central hub, facilitating the interaction between
derepression of these genes (Fig. 6E). MPP8 and PPHLNI, which together form the HuSH complex. This
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Fig. 6 | TASOR2 and IRF2 binding and repression of IFN-related genes. A The
results from HOMER findMotif analysis of peaks identified by MACS2 in TASOR2
ChiP-seq data. The top three significant motifs identified include members of the
IRF transcription factor family, such as IRF2, ISRE, and IRF1. B Scatter plot illus-
trating the comparison of Normalized Spectral Abundance Factor (NSAF) enrich-
ment in IP-MS data between TASOR2 and TASOR. Points in purple represent
proteins more enriched in TASOR2 pulldowns, with -log(p-value) from TASOR2
NSAF enrichment being used. Points in blue represent proteins more enriched in
TASOR pulldowns, with -log(p-value) from TASOR NSAF enrichment being used. All
labeled proteins were found to be statistically significant using a standard Student’s
t test (p-value < 0.05) and also associated with MPP8 and PPHLN]I, as shown in
Supplementary Fig. 2). C Venn diagram depicting the overlap of peaks for TASOR2,
IRF2, and HCFC1. Overlaps were determined using the BedTools window command
with a default distance of 1Kb. D Heatmap and peak profiles showing the MACS2-
called shared ChIP peaks for TASOR2/IRF2/HCFC1 or TASOR2/IRF2. TASOR2 ChlP-

seq was conducted in both WT and TASOR2 KO cell lines, MPP8 ChIP-seq in WT cell
lines, and IRF1, IRF2, and HCFC1 ChiIP-seq data were obtained from the ENCODE
K-562 public datasets. Accompanying bar charts depict the top DAVID functional
annotation clusters for promoters found within the two groups of called peaks.

E Bar chart displaying qRT-PCR results performed in biological replicates (n=3)
using RNA from WT clones, TASOR KO, and TASOR2 KO. Gene expression levels
were normalized to GAPDH and WT RNA. Each replicate is plotted as a dot and bars
are graphed to depict the mean of each measurement with error bars depicting
+SD. Statistical analysis using a Students ¢ test revealed significant (*p < 0.05) or
strongly significant (**p < 0.01) differences in expression compared to WT. Speci-
fically for TASOR2 KO expression compared to WT the p-values are as follows from
left to right (0.0016, 0.0039, 0.0119, 0.0053, 0.0222, 0.0295). For TASOR KO
expression compared to WT the p-values are as follows from left to right (0.7264,
0.4031, 0.7702, 1.6494e-05, 0.4034, and 0.0691).

HuSH

WT K-562 cells

TASOR2 KO

TASOR KO

Fig. 7 | Regulatory balance between HuSH and HuSH2 in K-562 cells. HuSH and
HuSH2 exist in a critical balance, each occupying distinct loci within the genome, as
demonstrated by MPP8 ChiP-seq analysis (right panel). In the absence of either
TASOR or TASOR?2, the targeted complex fails to form, resulting in the inability of
MPPS to localize to the chromatin targeted by the missing complex. Consequently,
an excess of MPP8 is available to stabilize and enhance the still intact complex. This
redistribution of MPP8 from HuSH or HuSH2 sites leads to alterations in the

HuSH ChIP-seq

HuSH Peaks HuSH2 Peaks

silencing of LINE-1 elements, immune response-related genes (ISGs), and KRAB-
ZNFs (ZNFs) in K-562 cells. The shift in MPP8 localization thereby significantly
impacts the transcriptional regulation of these genomic elements, highlighting the
delicate interplay between HuSH and HuSH2 in maintaining genomic stability and
gene expression homeostasis in K-562 cells. Created in BioRender. Jensvold, Z.
(2024) BioRender.com/z18k565.

complex associates with additional factors that may play a role in
regulating its recruitment to chromatin, ultimately contributing to the
subsequent silencing of LINE-1 elements. In K-562 cells, LINE-1
expression is typically low, primarily due to the high abundance of
HuSH. However, when the levels of HuSH2 increase, either by reducing
TASOR or increasing TASOR2 levels, MPP8 and PPHLNI are titrated
away from HuSH sites, thereby decreasing the abundance of HuSH in
cells and resulting in the derepression of LINE-1 elements (Fig. 7).
Additionally, the loss of HuSH2 leads to the upregulation of genes
involved in antiviral monitoring and response. The exact process by
which HuSH2 derepression is mitigated under typical conditions
remains unknown. We hypothesize that heightened retrotransposon
activity may increase the necessity for HUSH-mediated silencing,

consequently titrating MPP8 and PPHLN1 away from HuSH2 com-
plexes, and resulting in the derepression of HuSH2-bound ISGs.

Discussion

This study identifies a secondary HuSH complex, HuSH2, centered
around TASOR?2, a paralog of the core TASOR protein in HuSH. Our
work explores the functional differences between HuSH and HuSH2,
and the careful balance between the two complexes that cells can
manipulate to control expression of their distinct targets. The differ-
ential binding patterns of these complexes, revealed through ChIP-seq
analysis, demonstrate a clear segregation in their genomic loci. While
HuSH predominantly associates with LINE-1 elements, HuSH2 localizes
to specific gene promoters and enhancers. The identification of HuSH2
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and its specific targeting of ISGs and KRAB-ZNF genes expands the
known repertoire of HuSH complex functions and highlights the
intricate regulation of genomic silencing processes.

The mechanistic basis of HuSH and HuSH2 recruitment to dis-
tinct genomic sites involves the interplay between core subunits
and interacting proteins. For example, the pseudo-PARP domain
in TASOR, previously suggested to be important for HuSH in LINE-1
silencing, plays a critical role in the localization of HuSH to LINE-
1 elements. Previous work shows that the pseudo-PARP is important
for HuSH-dependent H3K9me3. This finding was mechanistically
ambiguous. Our experiments conclusively demonstrate that
the absence of the TASOR pseudo-PARP prevents localization of
the complex and therefore prevents establishment of H3K9me3'.
Recent work demonstrates that conservation among pseudo-PARP
domains found in different vertebrate proteins when placed
on TASOR can lead to effective silencing'. In addition, our pro-
teomics data indicates that NP220 (ZNF638) interacts specifically
with TASOR and not TASOR2. Previous work finds that the HuSH-
NP220 interaction is important for silencing extrachromosomal ret-
roviral DNA, and our data suggests that this function is specific for
HuSH, not HuSH2".

The localization of HuSH2 is distinct from HuSH, as TASOR2 lacks
the pseudo-PARP domain but effectively localizes to genes where it is
involved in gene repression. The identification of HCFC1 as a TASOR2-
specific partner, along with its known interaction with IRF2, provides a
plausible mechanism for HuSH2 recruitment to ISG and KRAB-ZNF
gene promoters. The overlap between TASOR2, IRF2, and HCFC1
binding sites further supports the role of transcription factors in
directing HuSH2 localization. Our experiments show that TASOR
lacking the pseudo-PARP domain affects LINE-1 silencing but does not
relocalize TASOR to HuSH2 sites, indicating that additional domains
specific to TASOR2 are important for its association with IRF2
and HCFCL.

Our functional assays demonstrate that altering the levels of
TASOR and TASOR2 modulates the abundance and activity of HuSH
and HuSH2 complexes, thereby impacting LINE-1 silencing and ISG
expression. The competitive interaction between TASOR paralogs for
MPP8 and PPHLNI highlights the importance of balanced expression
of these subunits in maintaining proper genomic regulation. The
derepression of LINE-1 elements upon TASOR2 overexpression or
TASOR knockout, coupled with the failure of TASOR2 to rescue LINE-1
silencing in a TASOR knockout background, underscores the specifi-
city of TASOR for LINE-1 element repression.

Our in silico protein structure predictions and subsequent muta-
genesis experiments reveal critical insights into the interactions
between MPP8 and TASOR paralogs. The disruption of these interac-
tions through targeted amino acid substitutions results in the loss of
MPP8 binding and consequent failure of complex assembly and
function. These findings provide a structural basis for the differential
roles of TASOR and TASOR2 in HuSH complex formation and genomic
targeting.

The evolution of the HuSH complexes showcases an important
mechanism by which vertebrate genomes adapt to control the activity
of retrotransposons and manage the host response to their activation.
HuSH achieves this by recruiting various epigenetic modifiers to ret-
rotransposon loci, leading to the formation of repressive chromatin
states that prevent their transcription and mobilization. This silencing
is essential for protecting the host genome from the deleterious
effects of retrotransposon activity. However, the constant evolu-
tionary arms race between host genomes and retrotransposons likely
drives the need for additional regulatory layers, leading to the emer-
gence of HuSH2. This variant not only participates in the repression of
retrotransposons, through competition with HuSH, but also mod-
ulates the host’s response to their potential activation. HuSH2 likely
evolves to fine-tune the immune response, preventing overreaction to

retrotransposon activation, which could otherwise result in detri-
mental inflammation and autoimmunity. While this manuscript was
under revision, a related study by Danac et al. reported the existence of
the HuSH2 complex and its role in the regulation of interferon-
response genes”*,

By associating with factors such as IRF2 and regulating genes
involved in antiviral responses, HuSH2 exemplifies an adaptive strat-
egy to balance the need for retrotransposon suppression with the
necessity of controlling the immune response. For instance, the
interaction between TASOR2, a component of HuSH2, and IRF2 at
various genomic loci underscores a complex regulatory network.
When TASOR?2 is lost, the derepression of genes like IFIH1 suggests
that HuSH2 is critical for preventing an unnecessary immune response
that could be triggered by retrotransposon activity.

The HuSH complex has been identified as a critical player in ret-
rotransposon silencing across a wide range of developmental path-
ways and disease models. Its regulation impacts not only
retrotransposons but also influences various aspects of biology. The
significance of the HuSH complex in retrotransposon control has been
recognized in the context of the HIV lifecycle”*, as well as in mam-
malian development®. Moreover, it plays a pivotal role in the immune
response in mammals® and its dysregulation has been associated with
Acute Myeloid Leukemia?*%, The intricate interplay between HuSH and
HuSH2 could have significant implications for the reactivation of LINE-
1 elements in development and disease.

The dynamic interplay between TASOR and TASOR2, mediated
by their competition for limiting subunits MPP8 and PPHLNI,
enables fine-tuned control of genomic silencing mechanisms. The
identification of undescribed HuSH-associating proteins and the
elucidation of transcription factor-mediated recruitment pathways
offer different avenues for investigating the regulatory networks
governing genomic stability and immune response. Further work
into the precise molecular interactions and regulatory dynamics of
HuSH complexes will provide deeper insights into their roles in
genome regulation and potential implications for disease states
characterized by dysregulated retrotransposon activity and immune
response.

Methods

Transgenic cell lines and culture

K-562 human lymphoblast cell lines were purchased from ATCC (CCL-
243). Cells were cultured in RPMI 1640 media supplemented with 10%
FBS, 1x glutamax and 1x penicillin-streptomycin, at 37 °C and 5% car-
bon dioxide. HEK293T human embryonic kidney cells (ATCC CRL-
3216) were cultured in DMEM media supplemented with 10% FBS, 1x
glutamax and 1x penicillin-streptomycin, grown at 37 °C at 5% carbon
dioxide. All cell lines were monitored for mycoplasma contamination
once a month, using the LiliF e-Myco plus Mycoplasma PCR
Detection Kit.

Production of mammalian CRISPR-edited cell lines
Electroporation by Amaxa nucleofector 1D machine and Lonza
Nucleofector Kit V (Catalog #: VCA-1003) was used to introduce
CRIPSR editing plasmid (pSpCas9(BB)-2A-GFP (PX458)) with appro-
priate sgRNA sequences (Table 2) to K-562 cells. 24 h after electro-
poration cells were sorted by UW FLOW Core (Aria Cell
Sorter) for single GFP cells into 96 well plates with K-562 media
(described above), with an additional 10% FBS added. Successful
CRISPR knockouts were screened by western blot analysis using
appropriate antibodies (Table 1) and by genomic DNA sanger
sequencing for deleterious mutations. Bio-replicates were grown
separately from single-cell clonal populations that had confirmed
distinct mutations by use of different gRNAs or different mutations
from homologous recombination confirmed through gDNA
sequencing.
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Table 2 | sgRNA oligonucleotide sequences

Target
Negative control #1

Sequence
GTTTCAACATCTAATTTCTCAGG
TTGCAGCCTTTATGAAGTTGTGG

Negative control #2

PPHLN1 ATTTACATGAAATAGGTGAGCGG
MPP8 AGAAAAATTTGTCGAATCCCAGG
TASOR GTTTCCTTATAAAACAGTGCTGG
TASOR2 #1 GACGACTCATAGCCATCTGTGGG
TASOR2 #2 TCTCGGATTTGGACGTAAGGCGG

Production of stable transgenic mammalian cell lines by
transduction

Lentiviruses were produced by co-transfecting packaging vectors
(psPAX2 and pMD2.G) and transfer vectors (pCDH-EF1a-MCS-PuroR)
cloned with insertion of FLAG-PPHLNI1, FLAG-TASOR, or FLAG-MPP8
transgenes, in HEK293T cells using PEI (24765-2) in vitro DNA trans-
fection reagent. Media containing lentiviruses were collected 48 and
72 h after transfection. K-562 cells were transduced with lentiviruses
for 2 days and selected using 2 ug/ml puromycin for 4 days.

Production of stable transgenic mammalian cell lines by
electroporation

For protein expression of those above lentivirus packaging limits
(>6 kb DNA sequences), electroporation of pCAG vector cloned with a
FLAG-TASOR2-IRES-PuroR insertion was used (Amaxa nucleofector
1D). After 24 hours K-562 cells were selected using 1 ug/ml puromycin.

Immunoblot

Immunoprecipitation samples or whole-cell lysates were separated by
SDS-PAGE, transferred to nitrocellulose membrane, blocked in 5%
nonfat milk in Tris-buffered saline with 0.5 % Tween-20, probed with
primary antibodies, and detected with horseradish peroxidase-
conjugated or fluorescently labeled anti-rabbit or anti-mouse sec-
ondary antibodies. A list of the antibodies used is provided in Table 1.

NE Ammonium sulfate FLAG affinity purification

Cells were homogenized in hypotonic lysis buffer (20 mM HEPES pH
7.9,10 mM KCl, 5 mM MgCI2, 0.5 mM EGTA, 0.1mM EDTA 1 mM DTT,
1 mM Benzamidine, 0.8 mM PMSF) and lysed in lysis buffer (20 mM
HEPES pH 7.9, 110 mM KCI, 2 mM MgCI2, 0.1 mM EDTA, 1 mM DTT, 1x
Protease inhibitor cocktail, 0.4 mM PMSF). Lysis was incubated in
400 mM ammonium sulfate and centrifugated in ultra-centrifuge
(28.5Kxg for 1.5h). Nuclear extract was dialyzed in buffer (20 mM
HEPES pH 7.9, 250 mM KCI, 1mM EDTA, 0.01% NP-40, 0.4 mM PMSF,
2 mM BME) for 2 h twice. Nuclear extract was incubated with M2 anti-
FLAG affinity gel (Sigma A2220) for 2 h. Beads were washed 3-times
with wash buffer (15mM HEPES pH 7.9, 750 mM KCI, 1mM EDTA,
0.05% Triton X-100, 8 mM PMSF) and captured proteins were eluted
using 300 mg/ml of 3xFLAG peptide.

Whole-cell FLAG affinity purification

Cells were lysed in buffer (20 mM HEPES pH 7.9, 200 mM KCI, 0.5 mM
EDTA, 2 mM MgCI2, 1x protein inhibitor cocktail, 0.2% Triton-x, 2 mM
BME, 0.4 mM PMSF) and the resulting lysate was incubated with M2
anti-FLAG affinity gel (Sigma A2220) for 2 h. Beads were washed 3
times with wash buffer (15 mM HEPES pH 7.9, 300-750 mM KCI, 1 mM
EDTA, 0.05% Triton X-100, 8 mM PMSF) and captured proteins were
eluted using 300 mg/ml of 3xFLAG peptides.

Liquid chromatography and mass spectrometry

After nuclear extract FLAG affinity purification, elution samples were
analyzed by LC-MS/MS at the UW Biotech Center. Eluates from FLAG
immunoprecipitation were subjected to reduction with 10 mM DTT for

30 min at 56 °C. This was followed by alkylation with 50 mM iodoace-
tamide for 40 min at room temperature in the dark to prevent re-
formation of disulfide bonds. The samples were then diluted with four
volumes of 50 mM Tris pH 8, 2mM CaCl,, and digested overnight at
37 °C using 1 pg of trypsin. To terminate the digestion, trifluoroacetic
acid was added to a final concentration of 1%. Samples were desalted
using C18 stage tips prior to LC-MS/MS analysis. Peptide digests were
analyzed using an EasyLC1000 nano-liquid chromatography system
(Thermo) coupled to a Fusion Orbitrap mass spectrometer (Thermo).
Chromatographic separation was achieved with a flow rate of 400 nl/
min, utilizing a gradient of 4-22% solvent B (80% acetonitrile/0.1%
formic acid) over 75 min, 22-35% solvent B over 15 min, 35-80% solvent
B for 5min, and holding at 80% solvent B for 10 min. Solvent A con-
sisted of water with 0.1% formic acid.

For mass spectrometry analysis, a full MS scan was acquired
every 2 s in the Orbitrap in positive centroid mode with a resolution
of 120,000, scan range of 300-1200 m/z, automatic gain control
(AGC) of 5e5, and maximum injection time of 50 milliseconds.
Between full scans, data-dependent MS/MS (ddMS2) was performed
on the most abundant precursors with charge states from +2 to +6.
High-energy collision dissociation (HCD) fragmentation was used
with a normalized collision energy (NCE) of 27. MS/MS data were
collected in the ion trap in positive profile mode, using an isolation
width of 2 m/z, with AGC set to 1e4 and maximum injection time of
120 milliseconds. Dynamic exclusion was set to 40s to minimize
repeated sequencing of the same precursor ions. The resulting MS/
MS data were analyzed using ProteomeDiscoverer software
(Thermo), searching against the UniProt human database. A pre-
cursor mass tolerance of 10 ppm and a fragment mass tolerance of
0.5 Da were applied. Carbamidomethylation of cysteines was set as a
fixed modification, while N-terminal acetylation was considered a
variable modification. Normalized Spectral Abundance Factor (NSAF)
calculations were utilized, and Students ¢ test was used for
significance”. GGplot2 was utilized for all data visualization (bub-
blechart and scatterplots)*. The mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consortium via the
PRIDE partner repository with the dataset identifier PXD049085%.

Chromatin immunoprecipitation

Approximately 40 million mammalian cells were crosslinked with 1%
Paraformaldehyde (Electron Microscopy Sciences) for 10 min at
37°C and quenched with 0.2M glycine. Cells were resuspended in
lysis buffer (50 mM HEPES pH 7.9, 140 mL NaCl, 1mM EDTA, 10%
glycerol, 0.5% NP40, 0.25% Triton X-100). Nuclei were washed twice
with digestion buffer (50 mM HEPES pH 7.9, 1ImM CacCl2, 20 mM
NaCl, 1x protease inhibitor cocktail, and 0.5 mM PMSF), and treated
with 105 Units of MNase (Worthington Biochemical Corporation,
LS004798) per 40 million cells for 10 min at 37 °C. Reaction was
quenched by adding 10 mM EDTA, 5mM EGTA, 80 mM NaCl, 0.1%
sodium deoxycholate, 0.2% SDS. Nucleosomes were solubilized by
sonication using Covaris S220 (160 peak incidental power, 5% duty
factor, 200 cycles/burst, 45” ON-30” OFF) 6-times. One percent Tri-
ton X-100 was added to the chromatin and insoluble chromatin was
removed using centrifugation. Chromatin concentration was mea-
sured using qubit and spike-in chromatin (mouse prepared in the
same way) was added at a 1:40 ratio. Chromatin was incubated with
primary antibodies overnight, for MPP8, TASOR, PPHLN1 and
TASOR2, (Table 2) 80 pg of chromatin was incubated with 1.14 pg
antibody (3.5 pg for TASOR2). Antibodies was captured using Dyna-
beads for 4 h at 4°C and washed 3x using RIPA buffer, 2x using
RIPA +300 mM NaCl and 2x with LiCl buffer. Chromatin was reverse
crosslinked at 65 °C overnight in 10 mM Tris, 1 mM EDTA, and 1% SDS.
The next day chromatin was incubated with RNase A for 1h at 37°C
and proteinase K for 2 h at 55°C and DNA was purified using PCR
purification columns. Eluted DNA was diluted 1:10 for qPCR analysis
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Table 3 | Oligonucleotide primers

qPCR primer Application Sequence
GNG14 ChIP-gPCR F - GCCCTATGCCATCCTATGAAC

R - GCCATGCCCTGAGAAGTATT
RABL3 ChlIP-gPCR F - CTTCGTTAGTCCATCTCCTATGC
(Liu et al.”) R - TGATGGATTTCCCAGCACTT
CFLAR ChlIP-gPCR F - GGAAGTGTGTGTGGCTATTC

R - AGTAATGGGATTGCTGGGA
Chr3(138,639,110)  ChIP-gPCR F - AGGCTCAAAGGAGACACACCTC

R - CCACTGGGAGCCCCGTATTA
Chr18 (38,938,866) ChIP-qPCR F - ACAGCTCACGCTTTGGCTTG

R - AGCAGTTTGCCTCCCTCACC
RBCK1 ChlIP-gPCR F - GGGCTTTGCCTTGAAACCCG

R - CAGGAGGAAACGGGACCAGC
GAPDH RT-gPCR F - AGCCACATCGCTCAGACAC

R - GCCCAATACGACCAAATCC
TDRD5 RT-gPCR F - TGTGTCTCCAGTCCACCTAGAA

R - GTCTGGCGGGATGTCATGATT
PCDHGA4 RT-gPCR F - GAGCCGGGACTATTTGCAGT

R - GGACGACCACTACAAGCCTC
PCDHGA6 RT-gPCR F - TCCTTCGTAGGCAACATCGTC

R - CAGAGCTCCTCGCGGTCTAT
SAMD9 RT-gPCR F - ACAATACCCATCACTCCCGC

R - TCATAAGCAAGTGGGCCTCC
PSMB8 RT-gPCR F - CACCCCGCGTGACACTAC

R - AGAATTCTGTGGGCTCCAGG
IFIH1 RT-gPCR F - GGCAGATGATGATATTCTTCCC

R - GCTTAGATGAAAGTCTTGGACATAAC
ZNF230-DT RT-gPCR F - CGCTTCCTCCAATGCCAAAG

R - CCAGGCGCTCAGAGATATGG
ZNF222 RT-gPCR F - CTTCACTGAGGAGGAGCTGG

R - CTTGTTGTCCCCATCACCCA
ZNF284 RT-gPCR F - GCCGTAGATCAGGAATGTATGT

R - CGAAGCTGGGAATTGTGAATG

(using primers in Table 3). Sequencing libraries were prepared using
NEBNext Ultra Il DNA Library Prep Kit for Illumina with NEBNext
Multiplex Unique Dual Oligos. Sequencing was performed on a
NovaSeq6000 at the UW Biocore Sequencing Facility, paired end
150 bp for 15 million reads each sample. ChIPs were performed in at
least two biological replicates with similar results, data in the qPCR
figures show technical replicates.

ChIP-Sequencing analysis

Reads that passed quality score were aligned to mouse (mm9) or
human (hg38) genomes using bowtie2 (parameters: -q-v 2 -m 2 -a -best
-strata) (Langmead et al., 2009). Sample normalization factor was
determined as ChIP-Rx = 10”6 / (total reads aligned to exogenous
reference genome) or RPKM =10"6 / (total aligned reads). Sam files
were converted to bam files using samtools®. Bigwig files were gen-
erated using deeptools (-bs 50 -smoothLength 600)*. Peaks were
called using MACS2*. Motif analysis and peak annotation was done by
HOMER™. Deeptools and IGV genome browser*>** was used for data
visualization of the data in this publication along with datasets from
the ENCODE portal (https://www.encodeproject.org/) with the fol-
lowing identifiers: ENCFF198SGR, ENCFF5590D), ENCFF559WCY,
ENCFF139FMU, and ENCFF503UFO.

RT-qPCR

Cell were grown as described above and 48h before harvest
cells were grown at 0.7 million cells/mL in fresh media for growth
normalization. Cells were collected for RNA extraction through
centrifugation at 300xg for 3min and lysed in Tryzol and
frozen for future use. QuickRNA miniprep (Zymo) kit was used for

further purification and DNAse | digestion off column. All eluted
RNA was kept at -80C for stability. Reverse transcription was per-
formed with the Promega GOScript RT master mix and
primed with random hexamers. qPCR was performed with primers
found in Table 3 and POWER SYBR Green Master Mix. Program: Initial
95°C for 10”, then 95°C for 20”, 60 °C for 30”, 72°C for 20” (52
cycles).

RNA-sequencing

The quality of RNA preparation was assessed using RIN scores based
on Bioanalyzer analysis. 500 ng of RNA was used for RNA library pre-
peration using the NEBNext rRNA Depletion Kit, NEBNext Ultra Il DNA
Library Prep Kit for Illumina, and NEBNext Multiplex Unique Dual
Oligos. Sequencing was performed on a NovaSeq6000 at the UW
Biocore, paired end 150 bp for 15 million reads each sample. Two
biological replicates were completed for each experiment.

RNA-sequencing analysis

Reads that passed quality score were aligned human (hg38) tran-
scriptome (ENSMBL for host genes and NCBI for transposable ele-
ments) using STAR -2.7.8a and the follow parameters (--quantMode
TranscriptomeSAM GeneCounts)”. For host genes Salmon and EdgeR
were used for differential expression analysis®™?*°. All analysis were
done with two biological replicates. Data was visualized using
ggplot2®°,

TASOR2 antibody generation

A truncation of TASOR2 (S993-V1633) with an N- and C-terminal 6xHis
tag was cloned into Pet28b bacterial expression vector and trans-
formed into Rosetta cells. Cells were grown at 37 °C under kanamycin
selection until reaching an OD of 0.7-0.8. The cultures were induced
with 100 mM IPTG at 37°C for 3 h. Cells were harvested by cen-
trifugation (5000xg for 10 min) and resuspended in resuspension
buffer (50 mM Na-phosphate (pH 8.0), 100 mM NacCl, 5 mM imidazole,
1 mM PMSF). Cells were lysed using a French press. After centrifugation
at 18000xg for 15min, the lysate was loaded onto Ni-NTA beads
equilibrated with resuspension buffer and incubated with agitation for
two hours at 4 °C. The flow-through was discarded, then beads were
washed with wash buffer 1 (6.2 M Gu-HCI, 500 mM NacCl, 100 mM Tris-
HCI pH 8.0, 1 mM 2-mercaptoethanol), then wash buffer 2 (6.3 M Gu-
HCI, 1M NacCl, 100 mM Tris-HCI pH 8.0, 1mM 2-mercaptoethanol),
then wash buffer 3 (150 mM NacCl, 100 mM Tris-HCI pH 8.0, 1mM 2-
mercaptoethanol). The protein was then eluted with wash buffer 3 with
5M imidazole, pH 8. The purified protein was sent to Sino Biological
for generation of a rabbit polyclonal antibody.

Statistics and reproducibility

For all Western blot analyses at least three independent biological
replicates were assessed. Independent knockout clones were gener-
ated for all HuSH subunits used for immunoblots, RNA-seq, ChIP-seq,
and qRT-PCR data.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Total RNA-sequencing and ChIP-sequencing data are available on the
NCBI Gene Expression Omnibus database. Accession numbers for the
publicly available data are: [GSE234279] for ChIP-sequencing data on
the HUSH complex, and [GSE234280] for RNA-sequencing data. All
mass spectrometry data are available via ProteomeXchange with
identifier [PXD049085]. All data is available from the corresponding
author upon request. Source data for all figures are provided with this
paper. Source data are provided with this paper.
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