SAFB associates with nascent RNAs and can promote gene
expression in mouse embryonic stem cells
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ABSTRACT

Scaffold attachment factor B (SAFB) is a conserved RNA-binding protein that is essential for early mammalian develop-
ment. However, the functions of SAFB in mouse embryonic stem cells (ESCs) have not been characterized. Using RNA im-
munoprecipitation followed by RNA-seq (RIP-seq), we examined the RNAs associated with SAFB in wild-type and SAFB/
SAFB2 double-knockout ESCs. SAFB predominantly associated with introns of protein-coding genes through purine-
rich motifs. The transcript most enriched in SAFB association was the IncRNA Malat1, which also contains a purine-rich re-
gion in its 5’ end. Knockout of SAFB/SAFB2 led to differential expression of approximately 1000 genes associated with
multiple biological processes, including apoptosis, cell division, and cell migration. Knockout of SAFB/SAFB2 also led to
splicing changes in a set of genes that were largely distinct from those that exhibited changes in expression level. The
spliced and nascent transcripts of many genes whose expression levels were positively regulated by SAFB also associated
with high levels of SAFB, implying that SAFB binding promotes their expression. Reintroduction of SAFB into double-
knockout cells restored gene expression toward wild-type levels, an effect again observable at the level of spliced and
nascent transcripts. Proteomics analysis revealed a significant enrichment of nuclear speckle-associated and RS domain-
containing proteins among SAFB interactors. Neither Xist nor Polycomb functions were dramatically altered in SAFB/2
knockout ESCs. Our findings suggest that among other potential functions in ESCs, SAFB promotes the expression of cer-
tain genes through its ability to bind nascent RNA.
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INTRODUCTION and an RGG/RG motif, both of which are known RNA-bind-

Scaffold attachment factor B (SAFB) is an RNA-binding pro- ing domains (Corley etgl. 20.20)' Moreover, Ih wyo, SAFB has
. S . . been shown to colocalize with other RNA-binding proteins,
tein that has been implicated in multiple molecular process-

es including the regulation of transcription, splicing, and copurify with mRNA, and bind RNA sequences that are pu-

chromatin structure (Garee and Oesterreich 2010; Norman fine rich, solidifying it's role as an RNA-binding protein
etal. 2016). SAFB was originally identified as a chromatin-as- (Nayler et al. 1998; Weighardt et al. 1999; Arao et al. 2000;

. . . . . Baltz et al. 2012; Castello et al. 2012; Hong et al. 2015;
sociated protein that could bind specific DNA sequences in . ' £ rong et '
) . i Rivers etal. 2015). SAFB has also been implicated in regulat-
vitro and repress transcription from an estrogen-responsive . .
. . - ing the response to heat shock in human cells, where along
promoter upon its transient over-expression (Renz and

Fackelmayer 1996: Oesterreich et al. 1997). Whether SAFB with other RNA-binding proteins, itbecomes enriched in nu-
associates with DINA in vivo remai.ns an .open question clear condensates centered around specific satellite RNAs

However, SAFB contains an RNA recognition motif (RRM)
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(Aly et al. 2019). Additionally, SAFB

A mm10 chr17:56,562,769-56,606,717
plays a role in the nuclear retention of Safb2  Safb
unspliced RNAs (Ron and Ulitsky F}I“I"F'*h‘“'h“’H-"""-'I'FIv’H*I%--'v“-““k“ll'”"‘f'“I"W'>>'">I">'\>'*>'|>'I*|>'|HI* -1
2022) and has been shown to be im- 59F | [60R
portant for the maintenance of hetero- g13llot 481100
chromatin in mouse and human cells, 4R| |44F Safb2 Safb 136 1R
possibly through its ability to associate
with specific RNAs (Huo et al. 2020; B C DNAPCR
McCarthy et al. 2021). DKO4 ~43,000bp deletion o ®
Consistent with the involvement of e gg : 00
SAFB in more than one fundamental / NS =255
AN [WAN A A '\f\ o oaQ
cellular process, SAFB is required for DK&/;/\ /\ /\/\/\/\/\” N\nJ u/\/\/ \/\/\/\/ I\ Elsafb (13F/11R)
proper mouse development. While T T T T T T e T e |Safb2 (41RI44F)
SAFB null embryos can survive to 0 AR Mp\
AN/ [\ANA N N\ \ A
term, most die before or shortly after AN WA VNIAVNAAVATIY EDKO (59F/60R)
birth, and in surviving animals, pleio-
tropic abnormalities that include de- D RT-PCR (RNA) E Western blot
fects in the endocrine system persist - rogw
throughout life (lvanova et al. 2005). o 125 ) l‘:‘ f_’ g g
SAFB also has a paralog, SAFB2, which g 1.00 g g::gz £2200
shares an overall domain structure with g 0.75 E’SAFB
and is similar in sequence to SAFB but 2 0:50 IZISAFBZ
whose loss does not cause embryonic o 0.25
lethality (Jiang et al. 2015). Still, YRV E‘GAPDH

SAFB2 is highly expressed in the male
reproductive tract, where it may play
important roles in endocrine signaling
(Jiangetal. 2015). SAFB2 is also impor-
tant in the processing of several
miRNAs (Hutter et al. 2020).

Despite the roles of SAFB in devel-
opment, its RNA targets have not
been profiled in early embryonic tissues or cell lines derived
from them. Herein, we describe the generation of SAFB and
SAFB2 double-knockout (DKO) mouse embryonic stem cells
(ESCs) and data from subsequent RNA immunoprecipitation
(RIP) and RNA-seq experiments that identify the RNAs asso-
ciated with SAFB in ESCs. We also perform mass spectrom-
etry-based proteomics to identify the proteins associated
with SAFB and a separate chromatin-associated RNA-bind-
ing protein, HNRNPU. Our findings are consistent with prior
studies that link SAFB to multiple molecular processes and
also suggest a new function for SAFB in gene activation, po-
tentially achieved through its ability to associate with purine-
rich regions in nascent RNA.

RESULTS

Generation and validation of SAFB/2 double-
knockout mouse embryonic stem cells

In the mouse, SAFB and its paralog SAFB2 are divergently
transcribed from a single locus on chromosome 17 (Fig.
1A). Thus, we used pairs of sgRNAs to simultaneously
delete the entire Safb and Safb2 genes (Fig. 1A), specifi-
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FIGURE 1. Generation and validation of SAFB/2 double-knockout mouse ESCs. (A) Schematic
of Safb and Safb2 mm10 genomic locus with location of sgRNAs (g8-g12) and genotyping
primers (13F/11R; 41R/44F; 59F/60R). (B) Sanger sequencing traces through the deleted re-
gion in the two clonal knockout lines used in this study, DKO4 and DKO13. (C) PCR genotyping
in wild-type (WT) and DKO ESCs. (D) gPCR for RNA detection of Safb and Safb2 mRNA levels
(shown relative to GAPDH in WT cells). Dots represent technical triplicate measurements.
(E) Western blots showing levels of SAFB and SAFB2 in WT and DKO cells.

cally in an F1-hybrid male ESC line that we previously engi-
neered to express the Xist long noncoding RNA (IncRNA)
under the control of a doxycycline-inducible promoter
from the Rosa26 locus on the Bé-derived copy of chromo-
some 6 (Trotman et al. 2020). We elected to study SAFB/2
in this particular ESC line because of ourongoinginterestin
Xist-mediated gene regulation and the possible links be-
tween SAFB, Xist, and the Polycomb repressive complex
2 (PRC2) (Townson et al. 2004; Mukhopadhyay et al.
2014; Chu et al. 2015; Bousard et al. 2019; Huo et al.
2020; McCarthy et al. 2021; Yu et al. 2021; see also
Supplemental Note; Cherney et al. 2023). For our study be-
low, we selected two individual colonies that genotyped as
DKOs by DNAPCR, reverse-transcription coupled PCR (RT-
gPCR), and western blot (DKO4 and DKO13; Fig. 1B-E).

SAFB associates predominantly with intronic
regions of protein-coding genes in mouse
embryonic stem cells

To identify RNAs that associate with SAFB in ESCs, we used
a formaldehyde-based RIP procedure outlined in Schertzer
et al. (2019a) and a polyclonal rabbit antibody raised
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against the carboxy-terminal region of SAFB. RIPs were
performed in five separate ESC lines: the WT, Xist-express-
ing ESC line from Trotman et al. (2020) (Parent), the two
DKO ESC lines described in Figure 1, and two clonal ESC
lines that underwent sgRNA transfection and the same
clonal selection as the DKO lines but remained WT for
SAFB (WT20 and WT44). We performed all RNA collection
experiments under the doxycycline-induced condition, in
which Xist is expressed from a single copy of chromosome
6 (Trotman et al. 2020). The reason for selecting the doxy-
cycline-induced condition was again related to our ongo-
ing studies of Xist and our desire to investigate a possible
link between SAFB and PRC2, which is described in the
Supplemental Note and Cherney et al. (2023).

To identify regions of RNA enriched in their association
with SAFB (i.e., “SAFB peaks”), we used a strand-specific
implementation of MACS2 and a combination of DESeq2
followed by empirical filtering of regions based on signal
in WT ESCs relative to SAFB/2 DKO controls (Zhang et al.
2008; Feng etal. 2012; Love etal. 2014). Specifically, we re-
quired that enriched regions (i) were detected above a min-
imum threshold (at least five reads in at least two of the
three WT ESC lines profiled), (i) were ascribed a significant
P-value when comparing signal between SAFB/2 DKO
ESCsand WT ESCs (P < 0.05 by DESeq?2), and iii) displayed
arelative reduction in abundance upon DKO of SAFB/2 (av-
erage reads-per-million [RPM] signal of at least twofold less
in SAFB/2 DKO ESCs compared to WT ESCs). This yielded
32,354 regions that were potentially enriched in their asso-
ciation with SAFB in WT ESCs. As an additional filter, in
DKO13 ESCs, we stably expressed SAFB and nuclear-local-
ized GFP cDNAs tagged at their carboxyl termini with tan-
dem FLAG and V5 epitopes (Fig. 2A) and performed RIP-
seq using an anti-FLAG antibody. Out of the 32,354 poten-
tial peak regions identified above, 23,853 regions passed a
minimum threshold of detection (i.e., they had a total of at
least five reads in the SAFB-FLAG and GFP-FLAG data
sets), and 94% of these regions (22,497) had a higher signal
in the SAFB-FLAG data set compared to the GFP-FLAG
negative control, supporting the high fidelity of our endog-
enous SAFB RIP data as well as our peak calling approach.
The 1356 regions with higher signal in the GFP-FLAG com-
pared to the SAFB-FLAG RIP were dropped from further
analysis, yielding a total of 30,998 regions that we hence-
forth define as SAFB-associated peaks (Supplemental
Table S1).

The signal patterns under each peak were highly repro-
ducible between replicate RIP experiments. Comparing rep-
licates between WT samples yielded an average Pearson’s r
value 0f 0.92, and comparing replicates between DKO sam-
ples yielded a Pearson’s rvalue of 0.88 (Fig. 2B). Boxplots of
RIP signal under each peak in the different genotypes dem-
onstrated the SAFB dependence of signal under SAFB
peaks (Fig. 2C). Wiggle density tracks of individual and
pooled replicates can be viewed on the UCSC genome

browser (Lee et al. 2022; https:/genome.ucsc.edu/s/
recherney/Cherney_Safb_2022). Consistent with prior
iCLIP studies of SAFB in human SH-SY5Y and MCF-7 cells,
we identified GA-rich sequence motifs underneath the
most-strongly enriched SAFB peaks (Fig. 2D; Hong et al.
2015; Rivers et al. 2015). An image of SAFB RIP read density
over Malat1, the gene that exhibited the highest association
with SAFB in our data sets, is shown in Figure 2E. Malat? has
previously been shown to interact with SAFB in human cells
(Hong et al. 2015; Spiniello et al. 2018). Moreover, the re-
gion within Malat? that is most strongly associated with
SAFB is enriched in GA nucleotides, consistent with the as-
sociation being driven by direct interactions (Fig. 2E).

We next determined the location of SAFB peaks relative
to the GENCODE vM25 “basic” gene annotation set
(Frankish et al. 2019). We found that 18,436 SAFB peaks
overlapped with transcripts originating from protein-
coding genes and 1501 peaks overlapped with transcripts
originating from IncRNAs (Supplemental Table S1). An ad-
ditional 6004 peaks were located within 10 kilobases (kb) of
an annotated transcript in the GENCODE vM25 “compre-
hensive” gene annotation set; we presume many of these
peaks overlap incompletely annotated protein-coding or
IncRNA genes. The majority of gene-overlapping peaks
fell within intronic regions, both for the set of peaks that
overlapped protein-coding and IncRNA genes (Fig. 2F).
The fraction of intron-overlapping peaks (79%) is marginal-
ly less than would be expected based on the genic space
occupied by introns in the GENCODE vM25 “basic”
gene annotation set (91%).

SAFB has previously been shown to associate with spe-
cific classes of repetitive elements, most notably those de-
rived from satellite repeats and LINEs (Aly et al. 2019; Huo
et al. 2020). Therefore, we determined the extent to which
SAFB peaks were enriched in overlapping repetitive ele-
ments relative to sets of locally shuffled control peaks.
Consistent with prior works, the strongest enrichments
were observed over LINE- and satellite-derived elements
(Fig. 2G; Supplemental Table S1). Next, because our set
of SAFB peaks were defined using uniquely mapped, non-
repetitive reads, we performed a repeat analysis exclusively
with multimapping reads, using the TElocal package to as-
sign fractional read counts to repeat-derived elements in
the mm10 build of the genome (Jin et al. 2015). This anal-
ysis uncovered a set of 6162 repeat-derived elements that
were detected above a minimal expression threshold and
whose RPM-normalized expression values were, on aver-
age, at least twofold higher in the WT compared to DKO
RIP-seq data (Fig. 2H; Supplemental Table S2). Twenty-
six percent of the elements in this set (1588/6162) over-
lapped a gene annotation in GENCODE (Frankish et al.
2019). While essentially all classes of repeats were repre-
sented, we observed a significant enrichment for LINE-de-
rived elements, and significant depletions for all other
classes of repeat (Fig. 2H and not shown; P<2 x 107" for
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FIGURE 2. SAFB associates predominantly with intronic regions of protein-coding genes in mouse ESCs. (A) aFLAG western blot of GFP and
SAFB rescue in DKO ESCs. (B) Scatter plots showing the correlation of RIP-seq replicate data under each SAFB peak for each genotype. (C)
RPM-normalized RIP signal under SAFB peaks in (i) WT and DKO ESCs (aSAFB RIP) and (i) in SAFB and GFP rescue ESCs (aFLAG RIP). (D)
Top three motifs derived from analysis of sequence under SAFB peaks. (E) RNA Input and RIP-seq wiggle density tracks at the Malat1 locus.
Black rectangles under wiggle tracks denote the location of SAFB peaks. (F) Genic features that overlap SAFB peaks. (G) Intersection of

mm10 annotated repeat elements and SAFB peaks. P-values =

(1 — [cumulative distribution function]) of the distribution of intersections observed

from 1000 shuffles sets of SAFB peaks. (H) Intersection of repeat-masked elements and multimapping reads from SAFB RIPs in WT and DKO ESCs.

“Count,” number of elements in each class that passed the threshold for inclusion. “Obs./Exp,”

ratio of observed versus expected genomic space

occupied by each class of repeat in the list of elements passing filter (Supplemental Table S2). Classes of repeat that were represented by less than

25 elements in our filtered list were not plotted.

all differences, x%). We conclude that within the context of
uniquely alignable regions as well as repetitive genic and
intergenic loci, the SAFB protein associates with LINE-de-
rived elements at higher-than-expected frequencies.
Additionally, on a local scale, uniquely alignable peaks of
SAFB also overlap satellite-derived elements with a high-
er-than-expected frequency.
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SAFB/2 loss alters expression of a subset of genes
in mouse embryonic stem cells

We next assessed whether SAFB DKO ESCs exhibited sig-
nificant gene expression changes relative to WT ESCs. For
this analysis, we performed total RNA-seq on “input” RNA
collected from the same crosslinked ESCs that we used to
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perform SAFB RIP above. Using DESeq2, we identified
992 genes whose expression was significantly different
(Pag; < 0.05) between our three WT and two DKO samples;
545 of these genes were down-regulated in DKO com-
pared to WT ESCs, and 447 were up-regulated (Fig. 3A,
B; Supplemental Table S3).

Using gene set enrichment analysis (GSEA) and the
MSigDB (Subramanian et al. 2005; Liberzon et al. 2015),
we examined the genes and pathways that were significantly

associated with the differentially expressed genes. Specifi-
cally, we queried MSigDB's “Hallmark Gene,” "“Chemical
and Genetic Perturbation,” and "GO Biological Process”
gene set collections (Supplemental Table S4). Among the
genes that were down-regulated in SAFB DKO cells, we
identified several significant connections with gene sets in-
volved in tissue development, cell adhesion, and the re-
sponse to estrogen (Dutertre et al. 2010), among others
(Fig. 3C; Supplemental Table S4). Intriguingly, the most
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FIGURE 3. SAFB/2 loss alters the expression of a subset of genes in mouse ESCs. (A) MA plot of differential gene expression between WT and
DKO ESCs; purple dots, up-regulated genes, magenta dots, down-regulated genes. (B) Average RPM of up- and down-regulated genes in WT
relative to DKO ESCs. P-values, paired t-test. (C) Top 10 enriched gene sets (from molecular signatures database [MSigDB)) (Subramanian et al.
2005; Liberzon et al. 2015) associated with up- and down-regulated genes. (D) SAFB association and overall expression levels of spliced and
unspliced transcripts in WT ESCs, broken down by whether genes are up-regulated (Up), down-regulated (Down), or do not change in expression
upon SAFB/2 DKO (No Change). The set of nonchanging genes is further partitioned into three categories: those with low (0.125-1 TPM; “L"),
medium (>1 but <16 TPM; “M"), and high (>16 TPM; “H"), levels of expression. (E) Representative genes (Cdké and Sulf1) that harbor intronic
peaks of SAFB association and whose expression drops upon DKO and is restored upon reintroduction of SAFB cDNA.
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significantly enriched gene set among the down-regulated
genes was "PASINI_SUZ12_TARGETS_DN," a set of genes
whose expression is significantly down-regulated upon
knockout of the Polycomb protein SUZ12 in ESCs (Fig. 3C;
Pasini et al. 2007).

Among the genes that were up-regulated in DKO cells,
enriched gene sets were also identified, although the en-
richments were generally not as strong as those detected
with the down-regulated genes (Fig. 3C; Supplemental
Table S4). However, we again identified a strong connec-
tion between SAFB/2 DKO and Polycomb-regulated
genes; the fourth most significantly enriched gene set
was “PASINI_SUZ12_TARGETS_UP,” the set of genes
whose expression was significantly up-regulated upon
knockout of the Polycomb protein SUZ12 in mouse ESCs
(Fig. 3C,; Pasini et al. 2007). Additional notable enrichments
included genesinvolvedin cell cycle progression, as well as
targets of histone deacetylases (Heller et al. 2008) and the
retinoic acid receptor (Delacroix et al. 2010), among others
(Fig. 3C; Supplemental Table S4).

We next sought to determine whether the genes whose
expression changed upon SAFB/2 loss exhibited evidence
of SAFB association by RIP. Considering our prior observa-
tion that SAFB associates predominantly with introns, we
took an approach that would let us quantify the extent of
SAFB association with both spliced and unspliced RNAs.
Briefly, starting with our WT and DKO RIP-seq data sets,
we extracted the reads that were aligned by STAR under
each SAFB peak, and then used probabilistic pseudoalign-
ment with kallisto to assign the same reads to a version of
the mouse transcriptome that contained one representative
unspliced transcript for each GENCODE gene (Dobin et al.
2013; Bray et al. 2016; Frankish et al. 2021). The genomic
coordinates of each unspliced transcript started at the corre-
sponding host gene’s most-upstream annotated transcrip-
tion start site and ended at the host gene's most-
downstream transcription end site. Throughout our study,
we consider these unspliced transcript annotations to be
proxies for nascent RNAs produced from their host genes.

We used the difference of transcript per million (TPM) val-
ues in the WT and DKO RIP-seq data sets to estimate the ex-
tent of SAFB association with each expressed transcript
isoform. Strikingly, both the spliced and unspliced isoforms
of the genes that were down-regulated upon SAFB/2 DKO
associated with significantly more SAFB than genes that
were up-regulated upon DKO or whose expression did not
change (Fig. 3D, upper panels; P<0.001 for both, paired
t-test; Supplemental Table S5). This difference could not
be accounted for by differences in overall expression levels
(Fig. 3D; lower panels). Indeed, both the spliced and
unspliced transcripts of the set of down-regulated genes as-
sociated with significantly higher levels of SAFB than any
other set of genes we examined, except the most highly ex-
pressed subset of spliced transcripts (Fig. 3D; P<0.001 for
all significant values, paired t-test; Supplemental Table
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S5). These data imply thatamong the set of down-regulated
genes are many direct targets of SAFB, and that association
with SAFB in these instances serves to promote overall gene
expression.

SAFB/2 loss induces changes in splicing that are
largely independent of the changes it induces in
gene expression

We next sought to determine whether changes in gene ex-
pression SAFB/2 DKO ESCs co-occurred with widespread
changes in splicing, using rMATS to detect changes in splic-
ing in WT versus DKO ESCs (Li and Dewey 2011; Shen et al.
2014). We identified a total of 352 splicing events whose
"percent spliced in” (PSI) values were significantly altered
in DKO ESCs when compared to WT (Supplemental Table
S6; P.gj<0.05). These 352 events occurred within 305 dis-
tinct genes, the majority of which (272) did not exhibit signif-
icant changes in gene expression upon DKO (Fig. 4A). While
we observed changes in splicing events of all possible clas-
ses, we observed that intron retention events were signifi-
cantly more likely to harbor increased PSI values in WT
compared to DKO cells (Fig. 4B; 79 events in WT vs. 37
events in DKO; P<0.05; x?). Conversely, we also observed
that a smaller number of mutually exclusive exons were
more likely to harborincreased PSl values in DKO compared
to WT cells (Fig. 4B; 17 eventsin DKO vs. eight eventsin WT;
P <0.05; %). These data are consistent with our observations
that peaks of SAFB association can be found in both exons
and in introns, and also suggest that the majority of genes
whose overall expression levels change upon SAFB/2 DKO
do not exhibit major changes in splicing patterns.

Reintroduction of SAFB into SAFB/2 knockout cells
restores gene expression defects in a manner
dependent on the SAFB carboxy-terminal domain

SAFB is comprised of multiple domains, most of which are
important for its proper localization in mouse cells (Huo
etal. 2020). We were intrigued by the final ~300 amino acids
of SAFB, an R/G-rich domain which is predicted to be intrin-
sically disordered and important for SAFB’s ability to interact
with both proteins and RNA (Townson et al. 2004; Finn et al.
2016; Dosztanyi 2018; Meszaros et al. 2018; Corley et al.
2020; Huo et al. 2020). This same carboxy-terminal domain
is sufficient to mediate the repression of a heterologous re-
porter gene when tethered to its promoter (Townson et al.
2004).

To determine whether the reintroduction of SAFB re-
stored gene expression defects in DKO ESCs, and to
determine the potential involvement of the DD3 domain,
we introduced three separate expressions constructs into
DKO ESCs via piggyBac-mediated transgenesis. The first
two constructs, described in Figure 2A, constitutively ex-
press full-length SAFB and GFP cDNAs each tagged at
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A regulated upon SAFB/2 DKO re-
turned closer to WT levels upon ex-
Differentially pression of full-length SAFB but not
expressed ADD3 or GFP (Fig. 5D). The trends
genes were numerically stronger for the set
(992) of down-regulated genes compared
with those that were up-regulated
(Fig. 5D). We likewise observed that
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FIGURE 4. SAFB/2 lossinduces changes in splicing that are largely independent of the chang-
es itinduces in gene expression. (A) Venn diagram showing the numbers of genes that exhibit
differential expression, alternative splicing events (ASE), or both, upon knockout of SAFB/2. (B)
The number of significant events (P,q; < 0.05) and histograms displaying the relative PS| values
for each of the five different classes of ASE detected by rMATS (Shen et al. 2014). *
Inclusion Level Difference between WT and DKO ESCs. (C) Same as (B) but displaying
relative PSI values and significant events (P,q; < 0.05) when GFP-expressing DKO cells are com-

Diff,”

pared to SAFB-expressing DKO cells. (*) P<0.05; (**) P<0.01.

their 3 ends with 3x FLAG and V5 epitopes and a nuclear-
localization signal. A third construct in the same vector
backbone expresses a mutant version of SAFB in which
the carboxy-terminal disordered domain has been deleted
(Fig. 5A, ADD3). Western blot confirmed the expression of
all three constructs and additionally demonstrated that
ADD3 is more highly expressed than full-length SAFB
(Fig. 5B). RIP-gPCR using either aFLAG or aV5 antibodies
demonstrated that the DD3 domain is required for SAFB
association with target RNAs, consistent with expectations
(Fig. 5C; Huo et al. 2020).

We next performed RNA-seq from biological duplicate
preparations of RNA extracted from full-length SAFB,
ADD3, and GFP-expressing DKO cells. Using kallisto to es-
timate the abundance of spliced and unspliced isoforms
(Bray et al. 2016), we found that spliced and unspliced iso-
forms of transcripts produced from the genes that we had
previously found to be significantly up-regulated or down-

merically stronger trends (Fig. 5E;
Supplemental Table S5). We con-
clude that many of the transcriptional
changes that occur upon SAFB/2
DKO can be restored by the reintro-
duction of SAFB into DKO cells, and
that the restoration of these changes
depends on the carboxy-terminal
domain of SAFB, if not other regions
of the protein as well (Huo et al. 2020).

FL SAFB

Inc. Level

The carboxy-terminal region of SAFB interacts
with RS domain-containing and speckle-associated
proteins

SAFB has been shown to interact with several SR proteins
through its carboxy-terminal region, and is also found in
nuclear speckles, which are nuclear condensates that har-
bor high levels of SR proteins and are associated with in-
creased expression of surrounding genes (Nayler et al.
1998; Saitoh et al. 2004; Townson et al. 2004; Kim et al.
2020; Zhang et al. 2020). To determine whether SAFB in-
teracts with SR proteins and speckle components in
ESCs, we performed mass spectrometry-based proteo-
mics on biological duplicate preparations of proteins
immunoprecipitated by the FLAG antibody from formal-
dehyde-crosslinked extracts made from DKO cells ex-
pressing the same full-length SAFB, ADD3, and GFP
cDNAs described in Figure 5.
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FIGURE 5. Reintroduction of SAFB into SAFB/2 knockout cells restores gene expression defects in a manner dependent on the SAFB carboxy-
terminal domain. (A) Protein domain diagram of SAFB (top) and ADD3 (bottom). IUPred2 disorder predictions below. (B) aFLAG western blot of
GFP and SAFB rescue in DKO ESCs. (C) aV5 and oFLAG RIP-gPCR signal relative to FL-SAFB in FL-SAFB, ADD3, and GFP rescue cells. (D,E)
Boxplots of average TPM in FL-SAFB, ADD3, and GFP rescue cells. (*) P<0.05, (**) P<0.01, (***) P<0.001, respectively.

Moreover, SAFB was originally identified along with an-
other abundant RNA-binding protein called HNRNPU (or
SAF-A), owing to their mutual presence in high salt extrac-
tions from Hela nuclei and their ability to bind hydroxylap-
atite columns and S/MAR DNA elements in vitro (Romig
etal. 1992; Renz and Fackelmayer 1996). Similar to that ob-
served for SAFB above, HNRNPU has previously been im-
plicated in promoting gene expression through its ability
to associate with nascent, chromatin-associated RNA
(Nozawa et al. 2017). We reasoned that comparing the
proteins that are associated with SAFB and HNRNPU in
ESCs might shed light on whether they promote gene ex-
pression using shared or different mechanisms. Therefore,
in our WT parent ESC line, we expressed a FLAG-tagged
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cDNA of HNRNPU as well as a version of HNRNPU lacking
a 154 amino acid-long, R/G-rich region at its C-terminus
(Fig. 6A,B; ARGG). We then performed mass spectrome-
try-based proteomics in technical duplicate from a single
biological replicate of proteins immunoprecipitated by
the FLAG antibody from formaldehyde-crosslinked ex-
tracts of HNRNPU and ARGG-expressing WT ESCs.

We selected for further analysis those proteins that were
twofold more abundant (log,>1) in the SAFB and
HNRNPU IPs compared to the GFP IPs. This yielded 69
and 165 proteins that exhibited enriched association with
FLAG-SAFB and FLAG-HNRNPU, respectively (Supple-
mental Table S7). We next used DAVID to identify en-
riched GO terms, focusing on the cellular component
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(CC) and molecular function (MF) domains (Huang da et al.
2009; Sherman et al. 2022). We observed the enrichment
of many shared GO terms, including several that center
around the themes of RNA-binding and splicing (Fig.
6C). Deletion of the DD3 and RGG domains from SAFB
and HNRNPU, respectively, led to clear reductions in the
association of proteins linked to nucleic acid binding, splic-
ing, and translation (Fig. 6C).

We noted that SAFB appeared to associate more robust-
ly with SR proteins than HNRNPU. Conversely, HNRNPU
appeared to associate more robustly with other heteroge-
neous nuclear ribonucleoproteins proteins than SAFB (Fig.
6D; Supplemental Table S7). We also noted a possible en-
richment for paraspeckle components in the HNRNPU [Ps
(Supplemental Table S7). Therefore, in addition to DAVID
analyses, we evaluated separately curated lists of RS
domain-containing proteins (Cascarina and Ross 2022),
proteins that biochemically purified along with nuclear
speckles/interchromatin granule preparations (Saitoh
et al. 2004), and proteins found in paraspeckles (Yamazaki
and Hirose 2015). We then determined the relative scale of
the enrichment of proteins from each list in SAFB and
HNRNPU IPs using an approach modified from GSEA (Sub-
ramanian et al. 2005). These analyses showed that nuclear
speckle-associated and RS domain-containing proteins
were strongly enriched among SAFB interactors (Fig. 6E;
P-value for enrichment of speckle and RS domain proteins
in SAFB, 0.0129 and 0.0038, respectively; FWER < 0.05 for
both tests). Furthermore, these interactions are dependent
on the DD3 region of SAFB (Fig. 6E). Conversely, HNRNPU
interacting proteins were significantly enriched for pro-
teins found in paraspeckles and depleted in association
with proteins that harbor RS domains (Fig. 6F, P-value for
paraspeckle enrichment, 0.0156; P-value for RS domain
depletion, 0.0089; FWER<0.05 for both tests). Thus,
SAFB associates with many proteins that copurify with nu-
clear speckles, including many that harbor RS domains
(Saitoh et al. 2004; Cascarina and Ross 2022), and these as-
sociations differ from HNRNPU, another chromatin-associ-
ated RNA-binding protein that has previously been
implicated in the activation of transcription (Nozawa
et al. 2017). These data are consistent with the view that
SAFB and HNRNPU promote gene expression through dif-
ferent mechanisms.

SAFB puncta are largely distinct from nuclear
speckles in ESCs

Considering our own data in context with prior studies link-
ing SAFB to nuclear speckles and RS domain proteins, we
sought to determine to what extent SAFB, nuclear speck-
les, and RS domain proteins colocalize in ESCs using immu-
nofluorescence (IF). We visualized nuclear speckles with
the SC35 antibody (llik et al. 2020). Contemporaneously,
we visualized SAFB using an antibody raised against en-
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dogenous SAFB (same antibody used for RIP; used in WT
ESCs) ora FLAG antibody (specifically in DKO ESCs that ex-
press full-length SAFB cDNA). As controls to assess anti-
body specificity, we performed aSAFB and oFLAG IF in
DKO ESCs and FLAG-GFP DKO ESCs, respectively. aSAFB
and oFLAG IF showed similar patterns of staining that were
dependent on the presence of SAFB, and also demonstrat-
ed that the majority of SAFB puncta occupied nuclear re-
gions that were spatially distinct from SC35 speckles (Fig.
7A). These findings are not inconsistent with prior data
showing that in mouse fibroblasts, many SAFB puncta are
located adjacent to foci of heterochromatin (Huo et al.
2020), but are at odds with a prior study that examined
the localization of epitope-tagged SAFB in human 293T
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FIGURE 7. SAFB puncta are largely distinct from nuclear speckles. (A)
Dual antibody-staining in WT and DKO ESCs examining the location
of nuclear speckles (via SC35) (llik et al. 2020) relative to SAFB.
White arrows, individual cells shown under increased digital zoom in
(B) (genotypes displayed above each zoomed image). (C) Dual anti-
body-staining in WT ESCs examining the location of SRSF1, SRSF3,
and SRSF6 relative to SAFB.
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cells, which found strong colocalization between SAFB and
SC35 speckles (Nayler et al. 1998). Still, in most z-slices ex-
amined, we observed a small number of SAFB puncta
colocalizing with SC35 speckles, consistent with data indi-
cating that SAFB and speckle-associated proteins can in-
teract (see Fig. 7B for higher-zoom insets). Moreover, we
also examined the extent of colocalization between SAFB
and each of the three RS domain proteins that we identified
as SAFB interactors: SRSF1, SRSF3, and SRSFé (Supple-
mental Table S7). While the RS domain proteins did localize
to puncta, they also exhibited a more diffuse nuclear stain-
ingthan did SC35, and by eye, exhibited a higher degree of
colocalization with SAFB (Fig. 7C). Thus, while nuclear re-
gions that stain the most intensely for RS domain proteins
are largely distinct from those that stain the most intensely
for SAFB, colocalization between RS domain proteins and
SAFB can be observed, most frequently outside of their
brightest puncta. These findings support our own mass
spectrometry data as well as prior studies that have linked
SAFB to nuclear speckles and RS domain-containing pro-
teins (Saitoh et al. 2004; Townson et al. 2004; Cascarina
and Ross 2022).

DISCUSSION

Our data are consistent with the notion that SAFB harbors
many roles in mammalian cells, including the regulation of
genes in multiple biological pathways and the binding of
RNA produced from LINE- and Satellite-derived repetitive
elements (Garee and Oesterreich 2010; Norman et al.
2016; Aly et al. 2019; Huo et al. 2020; McCarthy et al.
2021; Ron and Ulitsky 2022). More notably, we also find
that SAFB exhibits enriched associations with a subset of
RNAs, and in those cases, it appears to promote gene ex-
pression independent of its role in regulating splicing.
Specifically, using a combination of formaldehyde-
based RIP and genetic rescue in an Xist-expressing ESC
line (Trotman et al. 2020), we observed that SAFB associat-
ed primarily but not exclusively with intronic regions of pro-
tein-coding genes though purine-rich motifs. Knockout of
SAFB and its paralog SAFB2 led to differential expression
of nearly 1000 genes, about half of which were down-reg-
ulated and associated with high levels of SAFB in WT cells.
The set of genes whose expression levels changed upon
SAFB/2 loss were largely distinct from those whose splicing
patterns changed, but both expression and splicing chang-
es could be rescued by the expression of a SAFB cDNA in
DKO ESCs. We also found that SAFB associated with RS
domain-containing and nuclear speckle-associated pro-
teins, consistent with prior studies (Nayler et al. 1998;
Townson et al. 2004). By RIP, SAFB also strongly associated
with the IncRNA Malat1, which is also found in speckles
(Hutchinson et al. 2007). The association between SAFB
and speckle-associated proteins as well as the ability of a
SAFB cDNA to rescue gene expression defects in DKO

ESCs each depended on a large, intrinsically disordered
domain in SAFB’s carboxy-terminal region which has previ-
ously been shown to be important for interaction with RNA
and SR proteins (Townson et al. 2004; Finn et al. 2016;
Dosztanyi 2018; Meszaros et al. 2018; Corley et al. 2020;
Huo et al. 2020).

Our data support the view that SAFB can associate with
specific RNAs to promote gene expression. The mecha-
nism of gene activation requires further study. However,
we note that most peaks of SAFB association were found
in introns, and that the changes in RNA abundance upon
SAFB/2 loss could not be ascribed to changes in splicing.
Moreover, both RS domain-containing proteins and nu-
clear speckles, entities with which SAFB interacts, them-
selves have roles in transcriptional activation (Ji et al.
2013; Chen and Belmont 2019; Kim et al. 2020; Zhang
etal. 2020). For these reasons, we favor a model whereby
high levels of SAFB binding to specific nascent RNAs
boosts gene expression at the level of transcription, per-
haps by directly recruiting components of the transcrip-
tion and splicing machinery to host genes. We also note
that the IncRNA Malat1, the transcript that associates
the most robustly with SAFB by RIP, is also known to asso-
ciate with specific active genes (Engreitz et al. 2014; West
etal. 2014). It would be intriguing to investigate a poten-
tial functional connection between SAFB and Malat1 in
the future.

SAFB was identified in parallel with another chromatin-
associated RNA-binding protein, HNRNPU, which also ap-
pears to promote gene expression by associating with na-
scent RNA (Nozawa et al. 2017; Creamer et al. 2021).
HNRNPU's role in gene activation is likely distinct from
SAFB's, the former associating with nascent RNA nonspe-
cifically to de-compact chromatin globally (Nozawa et al.
2017; Creamer et al. 2021), and the latter associating
with purine-rich motifs to affect the expression of specific
genes (our study). Concordantly, we found that HNRNPU
and SAFB associate with different proteins in ESCs, consis-
tent with the notion that they promote gene expression in
different ways. Nevertheless, the fact that both SAFB and
HNRNPU appear to affect gene expression through na-
scent RNAs, despite their apparent differences in mecha-
nism, is a notable connection.

Only half of the genes whose expression changed signif-
icantly upon SAFB/2 DKO were down-regulated; the other
half were up-regulated. The expression level of many up-
regulated genes shifted back down toward WT levels
upon reintroduction of SAFB, indicating that their dysregu-
lation was reversible and dependent on SAFB. As a class,
the transcripts produced from the up-regulated genes
did not associate with high levels of SAFB, suggesting
that their increased expression upon SAFB/2 DKO was
not due to loss of directly bound SAFB. However, SAFB
is important for the maintenance of heterochromatin in
mouse and human cell lines (Townson et al. 2004;
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Mukhopadhyay et al. 2014; Huo et al. 2020; McCarthy
et al. 2021). On that basis, it is reasonable to speculate
that certain genes are up-regulated upon SAFB/2 DKO
owing to the reactivation of repressed chromatin.

Relatedly, a significant number of genes whose dysregu-
lated expression levels were rescued by the reintroduction
of SAFB into DKO cells were also altered in analogous fash-
ion upon knockout of the Polycomb protein SUZ12 (Pasini
etal. 2007). These included 19 genes whose expression in-
creased upon SUZ12 and SAFB/2 loss, and 85 genes whose
expression decreased. Based on these connections, our
ongoing interestin Polycomb and Xist, as well as prior stud-
ies that have linked SAFB to transcriptional repression and
Polycomb-mediated silencing (Townson et al. 2004,
Mukhopadhyay et al. 2014; Huo et al. 2020; McCarthy
et al. 2021), we examined H3K27me3 levels by ChIP-seq
and gene expression by RNA-seq, in WT and DKO ESCs,
each under Xist-expressing conditions (Supplemental
Note). We did not observe major changes in steady-state
levels of H3K27me3, Xist-deposited H3K27me3, or a con-
nection between the local levels of H3K27me3 and the ex-
pression changes induced by SAFB/2 DKO (Supplemental
Fig. 1). Neither was the silencing ability of Xist affected by
SAFB/2 DKO (Supplemental Fig. 1). We favor the possibil-
ity that the significant overlap between SUZ12 and SAFB/2
dysregulated genes is related simply to the fact that both
gene sets were collected from the same cell type—mouse
ESCs. Alternatively, the loss of SUZ12 and SAFB/2 may
cause some shared changes, for example, to nuclear archi-
tecture (Cruz-Molina et al. 2017; Huo et al. 2020), which
would then be responsible for the shared changes in
gene expression.

In summary, our study provides new insights into the
possible regulatory roles of SAFB. In addition to roles in
the establishment and maintenance of heterochromatin
(Huo et al. 2020; McCarthy et al. 2021), the nuclear reten-
tion of RNA (Ron and Ulitsky 2022), and the response to
stress (Aly et al. 2019), our work suggests that SAFB may
boost the overall expression of certain genes by associat-
ing with purine-rich regions in nascent RNA.

MATERIALS AND METHODS
Experimental methods

Cell culture

Male mouse ESCs that express doxycycline-inducible Xist from
the Rosa26 locus (derivation described in Trotman et al. (2020)
were grown in DMEM (Gibco) supplemented with 15%
Quialified Fetal Bovine Serum (Gibco), 1% Pen/Strep (Gibco),
1% L-Glutamine (Gibco), 1% Non-Essential Amino Acids (Gibco),
100 uM betamercaptoethanol (Sigma), and 0.2% LIF. Cells were
maintained in incubators set at 37°C and 5% CO,. Media was re-
placed daily.
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Generation of WT parent ESCs used for this study

To generate the WT parent ESC line from which we ultimately de-
leted SAFB and SAFB2, full-length Xist-expressing ESCs from
Trotman et al. (2020) were deleted of their hygromycin B resis-
tance gene via Lipofectamine transfection of a plasmid express-
ing FIpE (Addgene #20733) (Beard et al. 2006). An amount of
5 pg of FIpE recombinase was mixed with 5 plL of P3000 reagent,
7.5 pL of Lipofectamine 3000 reagent, and Opti-MEM media
(Gibco #31985-070) to a total volume of 250 pL. The reagents
were incubated for 5 min at room temperature before being add-
ed to cells with fresh media. After 24 h, cells were pulsed with pu-
romycin (2 pg/mL) for 72 h. Ninety-six hours after transfection,
ESCs were trypsinized to single-cell suspension and plated onto
irradiated fibroblast feeder cells (500-2000 cells/10 cm plate) un-
til individual colonies were visible by eye (4-5 d). Individual colo-
nies were then selected and grown in individual wells for
genotyping. After genotyping, candidate clonal colonies under-
went hygromycin B (50 pg/mL) selection to verify loss of resis-
tance. Genotyping primers used are in Supplemental Table S10.

Generation of SAFB/2 knockout ESCs

sgRNAs to delete SAFB and SAFB2 were designed to the mm10
genome using CRISPOR with the specifications 20 bp-NGG—Sp
Cas9, Sp Cas9-Hf1, eSp Cas? 1.1 (Concordet and Haeussler
2018). sgRNA sequences are found in Supplemental Table S10.
Guides were cloned into the pX330 plasmid as specified in
Cong et al. (2013) (Addgene plasmid #42230). To delete SAFB
and SAFB2, Parent ESCs were seeded at 0.5 x 10° cells per well
in a six-well plate. The following day, the cells were transiently
transfected using Lipofectamine 3000 (Invitrogen L3000-015):
800 ng of sgRNA plasmid pool and 200 ng puro resistant GFP
plasmid (1 pg total) were mixed with 2 pyL P3000 reagent, 7.5 pL
Lipofectamine 3000 reagent and Opti-MEM media (Gibco
#31985-070) to a final volume of 250 pL. The reagents were incu-
bated for 5 min at room temperature before being added to cells
with fresh media. After 24 h, cells were pulsed with Puromycin
(2 pg/mL) for 48 h. After puromycin selection, cells were trypsi-
nized to single cells and plated onto irradiated fibroblast feeder
cells (500-2000 cells/10 cm plate) until individual colonies were
visible by eye (4-5 d). Individual colonies were then selected
and grown in individual wells for genotyping.

The two WT and two DKO lines that were selected for further
study, along with the WT Parent line, were then rendered dox-in-
ducible by transfection of the rtTA-expressing plasmid described
in Kirk etal. (2018). One day prior to transfection, parent and DKO
ESCs were seeded at 0.5 x 10° cells per six-welled well. The fol-
lowing day, 500 ng of rtTA plasmid and 500 ng of transposase
(1 pg total DNA) were mixed with 2 pyL P3000 reagent, 7.5 plL
Lipofectamine 3000 reagent and Opti-MEM media (Gibco
#31985-070) to 250 pL. The reagents incubated for 5 min at
room temperature before being added to cells with fresh media.
After 24 h, cells underwent G418 selection (50 pg/mL) for 12 d.

cDNA expression plasmids

Plasmids expressing full-length or truncated versions of SAFB,
GFP, and HNRNPU were designed in silico based on existing vec-
tor backbones from Schertzer et al. (2019b) and synthesized by
Genewiz. All plasmids have been deposited into Addgene.
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Generation of cDNA-expressing ESCs

One day prior to transfection, ESCs were seeded at 0.5 x 10° cells
per well of a six-well plate. The following day, 850 ng of cDNA
plasmid and 150 ng of piggyBac transposase from Kirk et al.
(2018) were mixed with 2 uL. P3000 reagent, 7.5 pL Lipofectamine
3000 reagent, and Opti-MEM media (Gibco #31985-070) to a final
volume of 250 pL. The reagents were incubated for 5 min at room
temperature before being added to cells with fresh media. After
24 h, cells underwent hygromycin B selection (50 pg/mL) for 1 wk.

HNRNPU-expressing ESCs were then transfected with the rtTA
from Kirk et al. (2018) as described above. The DKO cells in which
GFP and SAFB cDNA constructs were introduced had previously
been stably transfected with rtTA.

PCR

Genomic DNA was collected from 0.8 x 10° cells with 500 pL lysis
buffer (100 mM Tris-HCl pH 8.1, 0.5 mM EDTA pH 8.0, 200 nM
NaCl, 0.2% SDS) + 80 pL Proteinase K (Denville) + 8 pL linear acryl-
amide (Thermo Fisher) and incubated at 55°C overnight. Twice
the volume of ice cold 100% ethanol was added. Samples were
then vortexed and rotated end-over-end at 4°C for 15 min.
Samples were spun at max speed for 5 min at 4°C. The lysis buff-
er/ethanol mixture was then removed, and the DNA pellet was
washed with 70% ethanol, after which the DNA pellet was resus-
pendedin 1x TE (10 mM Tris pH 8.0, 1 mM EDTA) and incubated
overnight at 56°C. DNA concentration was measured via
Nanodrop and diluted to 50 ng/uL. PCR was performed with
ChoiceTAQ (Denville CB4050) as follows: 25 pL PCR reaction mix-
ture (2.5 pL 10x PCR reaction buffer, 0.2 yL 10 mM dNTPs, 0.25
pL 100 uM primers, 0.25 pL Choice TAQ polymerase, 3 pL DNA
template [50 ng/pL], and ddH,O to 25 pL) ran in Bio-Rad C1000
Touch or T100 thermocycler (initial denaturation at 95°C for 3
min; 25 cycles of 95°C for 30 sec, 58°C-62.5°C annealing for 30
sec, and 72°C for 30-45 sec extension time). PCR primers and
conditions are in Supplemental Table S10.

RT-qPCR

Equal amounts of RNA (0.5-1 pg) were reverse transcribed using
the High-Capacity cDNA Reverse Transcription Kit (Thermo
Fisher Scientific #4368813) with the random primers provided,
and then diluted with 30 pyL 1x TE. For RIP RT-gPCR, 2 pL of
the eluted sample was used in RT reactions. An amount of
10 pL gPCR reactions were performed using iTaq Universal
SYBR Green (Bio-Rad) and custom primers on a Bio-Rad CFX96
system with the following thermocycling parameters: initial dena-
turation at 95°C for 10 min; 40 cycles of 95°C for 15 sec, 60°C for
30 sec, and 72°C for 30 sec followed by a plate read. The primer
concentration used for all gQPCR reactions in this study was 0.5 pM.
Standard curves were used in all gPCR analyses and were pre-
pared by RT of equal volume of WT sample to other samples.
After RT, five fivefold serial dilutions were made (six total stan-
dards including undiluted RT reaction) and added in duplicate
to qPCR plates. After the gPCR run, samples were normalized
to standard curve read using the Bio-Rad CFX Manager
Software. See Supplemental Table S10 for all primer sequences
used.

Antibodies

All antibodies used for this study are listed in Supplemental
Table S11.

Western blot

To isolate protein for Western blotting, 0.8 x 10° cells were
washed with 1x PBS and then lysed with 500 pL RIPA buffer
(10 mM Tris-Cl [pH 7.5], 1 mM EDTA, 0.5 mM EGTA, 1% NP40,
0.1% sodium-deoxycholate, 0.1% sodium dodecyl sulfate,
140 mM sodium chloride) supplemented with 1TmM PMSF
(Thermo Fisher #36978) and 1x Protease Inhibitor Cocktail (PIC;
Sigma Product #P8340). Cell suspensions were rotated for
15 min at 4°C, then spun down at high speed at 4°C for 15 min
andthe supematantwas collected. Prior to western blotting, protein
levels were quantified using the DC assay from Bio-Rad (product
#5000006). 4x SDS loading buffer (Sigma Aldrich recipe: 0.2 M
Tris-HCl pH 6.8, 0.4 M DTT, 8% [w/v] SDS, 6 mM Bromophenol
blue, 4.3 M Glycerol) was added to samples to 1x final concentra-
tion. Samples were then boiled for 5 min at 95°C, and equal micro-
gram amounts were loaded onto Bio-Rad TGX Stain Free Gels.
Samples were run at 50 V until past stacking gel, then at 150 V for
1-2 h. Gels were transferred to PVDF (Immobulon #IPVH00010)
membrane either for 1 h at 125 V at 4°C or overnight at 25 V at
4°C. Membranes were blocked for 45 min in 1x TBST + 5% milk.
Membranes were then incubated with primary antibody either over-
nightat4°C orfor 1-3 h at RT. Membranes were washed 3 x for 5 min
each in 1x TBST. Secondary antibodies were diluted in 1x TBST +
5% milk and incubated with membranes for 45 min (1:100,000; Invi-
trogen). Membraneswere then washed 3x in 1x TBST washes for 10
min, before being imaged with ECL (Thermo Fisher #34096). Anti-
bodies used were FLAG (Sigma F1804, 1:1000), GAPDH (Abcam,
ab9484, 1:1000), Total H3 (Proteintech 17168-1-AP, 1:1000),
hnRNPU (Santa Cruz sc-32315 1:500), SAFB (Bethyl A300-812A,
1:3000), SAFB2 (Proteintech 11642-1-AP, 1:10,000), Goat anti-
Mouse (Thermo Scientific A16072, 1:100,000), and Goat anti-Rab-
bit (Thermo Scientific G21234, 1:100,000).

Formaldehyde crosslinking of ESCs

For RIP and IP-MS, cells were grown to 75%-85% confluency,
trypsinized and counted. Cells were washed twice in cold
1x PBS then rotated for 30 min in 10 mL of 0.3% formaldehyde
(1 mL 16% methanol-free formaldehyde [Pierce #28906] in 49 mL
1x PBS) at 4°C. Formaldehyde was quenched with 1 mL of 2 M gly-
cine for 5 min at room temperature. Cells were washed 3x in cold
1x PBS, then resuspended in 1x PBS at 10 x 10° cells per mL and
spun down. PBS was aspirated and pellets were snap frozen in a lig-
uid nitrogen bath and immediately transferred to —80°C.

For ChIP, cells were grown to 75%-85% confluency and counted.
Cells were washed once with 1x PBS and crosslinked with 0.6%
formaldehyde for 10 min at room temperature. Formaldehyde was
quenched with 557 pL of 2.5 M glycine and washed twice with
cold 1x PBS. Cells were then scraped in 2 mL cold 1x PBS supple-
mented with 1x PIC (PIC; Sigma product #P8340). An amount of 10
mL 1x PBS +0.05% tween-20 was added to collect the cells. Cells
were spun down, resuspended in 1x PBS at 10 x 10° cells per mL
and spun down. PBS was aspirated and pellets were snap frozen
in a liquid nitrogen bath and immediately transferred to —80°C.
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RNA-IPs (RIPs)

RIPs were performed similar to Schertzer et al. (2019a), which is a
protocol originally adapted from Hendrickson et al. (2016) and
Raab et al. (2019). An amount of 25 pL protein A/G agarose beads
(Santa Cruz sc-2003) were washed three times in blocking buffer
(0.5% BSA in 1x PBS) and incubated overnight at 4°C with
10 pg antibody (anti-SAFB; Bethyl 812-300A; FLAG, Sigma
F1804; V5, Sigma V8012; mouse IgG, Invitrogen 02-6502). A total
of 10 x 10° cells were resuspended in 500 pL RIPA Buffer (50 mM
Tris-HCI, pH 8, 1% Triton X-100, 0.5% sodium-deoxycholate,
0.1% SDS, 5 mM EDTA, 150 mM KClI) supplemented with 1x
Protease Inhibitor Cocktail (PIC; Sigma product #P8340), 2.5 pL
SuperaselN (Thermo Fisher Scientific AM2696) and 0.5 mM
DTT and sonicated twice for 30 sec on and 1 min off at 30% output
using the Sonics Vibracell Sonicator (model VCX130, serial
#52223R). Samples were spun down at high speed and 50 pL total
lysate was saved for input. Beads were washed three timesin 1 mL
fRIP buffer (25 mM Tris-HCl pH 7.5, 5 mM EDTA, 0.5% NP-40, 150
mM KClI) and resuspended in 450 pL fRIP buffer supplemented as
above with PIC, SuperaselN and DTT, then mixed with sonicated
samples. Samples were rotated overnight at 4°C, then washed
once with 1 mL fRIP buffer and resuspended in 1 mL Polll ChIP
Buffer (50 mM Tris-HCI pH 7.5, 140 mM NaCl, 1 mM EDTA,
1 mM EGTA, 1% Triton X-100, 0.1% Sodium-deoxycholate,
0.1% Sodium dodecyl sulfide) before transferring to a new
1.7 mL tube. Samples were rotated at 4°C for 5 min, spun down
at 1200g, and the supernatant aspirated. Samples were washed
twice more with 1 mL Polll ChIP Buffer, once with 1 mL High
Salt ChIP Buffer (50 mM Tris-HCI pH 7.5, 500 mM NaCl, 1 mM
EDTA, 1 mM EGTA, 0.1% sodium-deoxycholate, 0.1% sodium
dodecyl sulfide, 1% Triton X-100), and once in 1 mL LiCl buffer
(20 mM Tris pH 8.0, 1 mM EDTA, 250 mM LiCl, 0.5% NP-40,
0.5% sodium-deoxycholate); each wash included a 5-min rotation
at4°C. Atthe final wash, samples were transferred to anew 1.7 mL
tube. After the final wash, inputs were thawed on ice and bead
samples were resuspended in 56 pL water, 33 pL of 3x reverse-
crosslinking buffer (3x PBS, 6% N-lauroyl sarcosine and 30 mM
EDTA), 5 uL 100 mM DTT, 20 pL Proteinase K, and 1 L of
SuperaselN. Samples were incubated for 1 h at 42°C, then 1 h
at 55°C, then 65°C for 30 min, and mixed by pipetting every
15 min. Afterward, 1 mL TRIzol was added, samples were vor-
texed, 200 pL CHCl; was added, samples were vortexed, and fi-
nally spun at 12,000g for 15 min at 4°C. The aqueous phase
was then extracted and to that one volume of 100% ethanol
was added. Samples were vortexed and applied to Zymo-Spin
IC Columns (from #R1013) and spun for 30 sec at top speed on
a benchtop microcentrifuge. An amount of 400 pL of RNA Wash
Buffer (Zymo #R1013) was added and samples were spun at top
speed for 30 sec. For each sample, 5 uL DNase | and 35 pL of
DNA Digestion Buffer (Zymo #R1013) was added directly to the
column matrix and incubated at room temp for 20 min. An
amount of 400 pL of RNA Prep Buffer was then added (Zymo
#R1013), and columns were spun at top speed for 30 sec. An
amount of 700 uL RNA Wash Buffer (Zymo #R1013) was then add-
ed, and columns were spun at top speed for 30 sec. An amount of
400 pL RNA Wash Buffer was then added, and columns were spun
at top speed for 30 sec. The flow through was discarded and col-
umns spun again for 2 min to remove all traces of wash buffer.
Columns were transferred to a clean 1.7 mL tube, 15 pL of
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ddH,0O was added to each column, and after a 5-min incubation,
samples were spun at top speed to elute.

Total RNA isolation

ESCs were grown in six-well plates to ~80% confluency. Cells
were washed twice with 1x PBS and 1 mL of TRIzol was added
per well. Samples were pipetted up and down at least 10 times,
transferred to a microcentrifuge tube and briefly vortexed.
Samples were incubated at RT for 5 min, then 200 uL of chloro-
form was added. Afterwards, samples were vortexed and incubat-
ed for 3 min at RT. Samples were spun down at 12,000g for 15 min
at4°C. The upper aqueous phase was moved to a new tube and 8
uL of linear acrylamide (Thermo Fisher, AM9520) was added.
Then 500 pL of 100% isopropanol was added, and samples
were vortexed and incubated at RT for 10 min. Tubes were
spun down 12,0009 for 10 min at 4°C. Supernatant was removed
and pellets washed with 1 mL of cold 75% ethanol. Samples were
briefly vortexed and spun down at 7500g for 5 min at 4°C.
Supernatant was discarded and pellet was dried by repeated
spin down and aspiration. Final pellets were resuspended in
100 pL water by pipetting up and down.

RNA sequencing

For RIP-seq inputs, 100 ng of RNA prepared from RIP input sam-
ples was used for library preparations. For RIP-seq RIP samples,
9 L of RIP sample (from 15 pL total) were used. For total RNA-
seq, 900 ng of total RNAwas used. Each library preparation includ-
ed 1 pL of 1:250 dilution of ERCC Spike-In RNAs (Ambion
#4456653). An amount of 10 pL total was prepped using the
KAPA RNA HyperPrep Kit with RiboErase (Kapa Biosystems; prod-
uct#KR1351). Sequencing was performed on an lllumina Next-seq
500, using high-output, 75-cycle kits.

H3K27me3 and total H3 ChIP-seq

The day before sonication, 25 pL of protein A/G agarose beads
(Santa Cruz sc-2003) were washed three times in block solution
(0.5% BSA in 1x PBS) before being resuspended in 300 pL block-
ing solution. An amount of 10 pL per 10 million cells of antibody
(Abcam mouse monoclonal ab6002) was added, then beads and
antibody conjugated via rotation overnight at 4°C.

On the day of sonication, 10 million ESCs crosslinked with 0.6%
formaldehyde were resuspended in lysis buffer 1 (50 mM HEPES
pH 7.3, 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP-40,
0.25% Triton X-100, and 1x PIC [PIC; Sigma product #P8340]) in-
cubated for 10 min at 4°C, and then incubated with lysis buffer 2
(10 mM Tris-HCI pH 8.0, 200 mM NaCl, 1 mM EDTA pH 8.0, 0.5
mM EGTA pH 8.0, and 1x PIC) for 10 min at room temperature.
For H3K27me3 ChlPs, cells were resuspended in lysis buffer 3
(10 mM Tris-HCI pH 8.0, 100 mM NaCl, 1 mM EDTA pH 8.0,
0.5mM EGTA pH 8.0, 0.1% Na-deoxycholate, 0.5% N-lauroy! sar-
cosine, and 1x PIC) and then sonicated.

ChlPs were then performed by incubating sonicated cell lysates
ata concentration of 20 million cells/1 mL of lysis buffer 3 contain-
ing 1% Triton X-100 with preconjugated H3K27me3 antibody/
agarose beads overnight at 4°C. After overnight H3K27me3
ChlP, beads were washed 5x in RIPA buffer (50 mM HEPES pH
7.3,500 mM LiCl, 1 mM EDTA, 1% NP-40, and 0.7% Na-deoxy-
cholate) for 5 min each and then once in TE. To elute the DNA,
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beads were resuspended in Elution buffer (50 mM Tris pH 8.0,
10 mM EDTA, and 1% SDS) and placed on a 65°C heat block
for 17 min with frequent vortexing. Crosslinks were reversed over-
night at 65°C, eluates were incubated with Proteinase K and
RNase A, and DNA was extracted with phenol/chloroform and
precipitated with ethanol. DNA was prepared for sequencing
on the lllumina platform using Next Reagents (NEB) and
Agencourt AMPure XP beads (Beckman Coulter).

IP-mass spectrometry sample preparation

An amount of 40 pL protein A/G agarose beads (Santa Cruz sc-
2003) were washed three times in blocking buffer (0.5% BSA in
1x PBS) and incubated overnight at 4°C with 20 pg antibody
(anti-FLAG; Sigma F1804). 30 x 10° of ESCs crosslinked with form-
aldehyde as described above were resuspended in 500 pL RIPA
Buffer (50 mM Tris-HCI, pH 8, 1% Triton X-100, 0.5% sodium-
deoxycholate, 0.1% SDS, 5 mM EDTA, 150 mM KCl) supplement-
ed with (1x PIC [PIC; Sigma product #P8340], 2.5 pL SuperaselN
[Thermo Fisher Scientific product #AM2696], and 0.5 mM DTT)
and sonicated twice for 30 sec on and 1 min off at 30% output us-
ing Sonics Vibracell Sonicator (Model VCX130, serial #52223R).
Samples were spun down at high speed and 50 pL total lysate
was saved for input. Beads were washed three times in fRIP buffer
(25 mM Tris-HCl pH 7.5, 5 mM EDTA, 0.5% NP-40, 150 mM KCI)
and resuspended in 450 pL fRIP buffer supplemented with 1x
PIC (PIC; Sigma product #P8340), 2.5 uL SuperaselN (Thermo
Fisher Scientific product #AM2696), and 0.5 mM DTT to bring
samples to a 1:1 ratio of RIPA/fRIP buffer. Samples rotated over-
night at 4°C. At 4°C, samples were then washed once with 1 mL
fRIP buffer and then resuspended in 1 mL Polll ChIP Buffer (50
mM Tris-HCl pH 7.5, 140 mM NaCl, 1 mM EDTA, 1 mM EGTA,
1% Triton X-100, 0.1% Na-deoxycholate, 0.1% SDS) and trans-
ferred to a new Eppendorf tube. Samples were washed two
more times with Polll ChIP Buffer, twice with High Salt CLIP
Buffer (50 mM Tris-HCI pH 7.4, 1 M NaCl, 1 mM EDTA, 1% NP-
40, 0.5% Na-deoxycholate, 0.1% SDS), and resuspended in 1
mL LiCl buffer (20 mM Tris pH 8.0, 1 mM EDTA, 250 mM LiCl,
0.5% NP-40, 0.5% Na-deoxycholate) and moved to a new micro-
centrifuge tube. Samples were then resuspended in cold 1x PBS
and moved to a new Eppendorf tube. Samples were washed 3x
with 1 mLcold 1x PBS. Twenty-five percent of samples were saved
for western blot, and the remaining 75% were subjected to on-
bead trypsin digestion as previously described (Rank et al.
2021). Briefly, after the last wash buffer step during affinity purifi-
cation, beads were resuspended in 50 pL of 50 mM ammonium
bicarbonate (pH 8). On-bead digestion was performed by adding
50 pL of 50 mM ammonium bicarbonate (pH 8) and 1 pg trypsin
and incubated, shaking, overnight at 37°C. Beads were pelleted
and supernatants were transferred to fresh tubes. The beads
were washed twice with 100 pL LC-MS grade water, and washes
added to the original supernatants. Samples were acidified by
adding formic acid to a final concentration of 2%, to pH~ 2.
Peptides were desalted using peptide desalting spin columns
(Thermo), lyophilized, and stored at —80°C until further analysis.

LC/MS/MS analysis

The peptide samples were analyzed by LC/MS/MS using an Easy
nLC 1200 coupled to a QExactive HF Biopharma mass spectrom-

eter (Thermo Scientific). Samples were injected onto an Easy Spray
PepMap C18 column (75 pm idx25 cm, 2 pm particle size)
(Thermo Scientific) and separated overa 2-h method. The gradient
for separation consisted of 5%-45% mobile phase B at a 250 nL/
min flow rate, where mobile phase Awas 0.1% formic acid in water
and mobile phase B consisted of 0.1% formic acid in acetonitrile
(ACN). The QExactive HF was operated in a data-dependent
mode where the 15 mostintense precursors were selected for sub-
sequent fragmentation. Resolution for the precursor scan (m/z
350-1700) was set to 60,000, while MS/MS scans resolution was
set to 15,000. The normalized collision energy was set to 27%
for HCD. Peptide match was set to preferred, and precursors
with unknown charge ora charge state of 1 and >7 were excluded.

Immunofluorescence

Cells were plated at low density on coverslips 24 h before fixation.
For fixation, cells were incubated in 4% paraformaldehyde for
10 min at room temperature. Cells were then washed once with
1x PBS, then put on ice and incubated with cold 1x PBS with
0.5% Triton X-100 and 1x VRC for 10 min. Cells were then washed
once in cold 70% ethanol, and then stored in 70% ethanol at —20°C
until use. For IF, coverslips were quartered with a diamond-tipped
glass scoring tool, then washed twice with 300-400 pL 1x PBS,
and blocked for 30 min at RT in 300-400 pL of blocking buffer (1x
PBS+0.2% Tween-20+10 mg/mL IgG-free BSA [Jackson
Immuno]). After blocking, coverslips were incubated with primary
antibody diluted in blocking buffer for 1 h at RT, then washed using
three 4-min incubationsin 1x PBS + 0.2% Tween-20. Secondary an-
tibody (1:1000 dilution in blocking buffer) was then added and incu-
bated for 30 min at RT in the dark. Coverslips were then washed
using three 4-min incubations in 1x PBS +0.2% Tween-20, rinsed
twice with 1x PBS, and fixed face down on slides using 8 L Prolong
Gold with DAPI (Invitrogen). Slides cured overnight at RT in the dark
before imaging. Images were taken with 63x or 100x objectives on
aLeica DMi8inverted confocal microscope, using Leica Application
Suite X software version 3.7.5.24914. Z-slice sizes were 0.2 ym. Im-
ages were deconvolved with Huygens Essential version 20.04.0p3
64b (Scientific Volume Imaging, http:/svi.nl) using the standard
deconvolution profile under batch express. Images were analyzed
using FIJI (Schindelin et al. 2012). Antibodies and dilutions used
can be found in Supplemental Table S11.

Computational analyses

RIP- and RNA-seq alignment

RIP and RNA-seq data were aligned to the mm10 mouse genome
using STAR with default parameters (Dobin etal. 2013). Alignments
with a quality score >30 were retained for subsequent analyses (Li
et al. 2009). For analysis of multimapping reads with TElocal (Jin
et al. 2015), additional parameters (--winAnchorMultimapNmax
100 and --outFilterMultimapNmax 100) were specified in STAR
alignments.

RIP peak calling

After alignment and filtering, all SAFB RIP-seq data from WT ESC
replicates were concatenated, and using SAMtools, were split
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into two files, corresponding to alignments that mapped to the
positive and negative strands of the genome, respectively.
Using a custom perl script, the strand information within the pos-
itive and negative strand alignment files was randomized so as to
better match the criteria of the MACS peak caller, which uses the
average distance between positive and negative strand align-
ments to estimate the fragment length (Zhang et al. 2008).
Putative peaks were called on strand-randomized positive and
negative strand alignment files, respectively, using default
MACS parameters and not providing a background file (Zhang
et al. 2008). Peak bed files were converted to SAF format and
reads under each putative peak were counted from SAFB RIP-
seq alignments performed in WT and DKO ESCs using
featureCounts (Liao et al. 2014). We retained putative peaks
that were represented by at least five reads in at least two of
the three WT ESC lines profiled. We then used DESeq2 under de-
fault parameters to identify those putative peaks that were as-
cribed a P-value of <0.05 by DESeq2 when comparing signal
between SAFB/2 DKO ESCs and WT ESCs. Lastly, we retained
only those putative peaks that harbored an average aligned-
reads-per-million-total-reads (RPM) signal of at least twofold less
in SAFB/2 DKO ESCs compared to WT ESCs. This yielded
32,354 regions that were potentially enriched in their association
with SAFB in WT ESCs. As a final filtering step, we used
featureCounts to count the number of reads under these 32,354
regions that aligned to the mm10 genome with quality scores
of >30 from within the SAFB-FLAG and GFP-FLAG RIP-seq data
sets. From the initial set of 32,354 regions, 23,853 had a total of
at least five reads distributed between the SAFB-FLAG and
GFP-FLAG; of these, 1356 regions had higher signal in the
GFP-FLAG compared to the SAFB-FLAG RIP-seq data set and
were dropped from further analysis, yielding a total of 30,998 re-
gions that we defined as SAFB-associated peaks (Supplemental
Table S1).

RIP scatter plots

Scatter plots in Figure 2 were constructed using featureCounts to
countthe reads under each of the 30,998 SAFB peaks in each data
set. Read counts were then plotted using R (R Core Team 2021).

SAFB motif analysis

To identify the motifs associated with SAFB peaks, we provided
the sequences of the two thousand peaks with the greatest level
of SAFB signal (top ~10% of peaks) as input to the sensitive, thor-
ough, rapid, enriched motif elicitation (STREME) tool from the
MEME Suite (Bailey et al. 2015; Bailey 2021). Randomized control
sequences with lengths the same as each of the peak sequences
were developed with weighted nucleotide occurrence based on
the mononucleotide content of the mm10 reference genome.
The --rna flag was specified to account only for single-stranded
analysis and motif width was restricted to between four and eight
nucleotides; the motifs with the top three most significant P-val-
ues are shown in Figure 2D.

UCSC wiggle density plots

UCSC wiggle density plots were made from filtered sam files us-
ing custom perl scripts. Tracks of individual and pooled replicates
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are located here:
Cherney_Safb_2022.

https://genome.ucsc.edu/s/recherney/

Intersection of SAFB peaks and genic features

To identify the genic features under each SAFB peak, the GEN-
CODE Basic vM25 GTF was downloaded and modified to include
annotations of 5- and 3’-UTRs (Frankish et al. 2021). From this
file, features mapping to protein-coding genes (GENCODE
transcript_type: “protein_coding”) and IncRNAs (GENCODE tran-
script_types: “bidirectional_promoter_IncRNA,"” “macro_IncRNA,”
“antisense,” “3prime_overlapping_ncRNA,” “lincRNA," “proces-
sed_transcript,” “sense_intronic,” and “sense_overlapping”) were
extracted and intersected with SAFB peaks using bedtools (Quinlan
and Hall 2010). Peaks were classified as exon-overlapping if they fell
within a gene and overlapped >50% of the exon in question, other-
wise, they were classified as intron-overlapping. The classification of
each peak can be found in Supplemental Table S1.

Intersection of SAFB peaks and repeat-masked elements

To determine whether SAFB peaks overlapped with repeat-
masked genomic elements more than would be expected by ran-
dom chance, repeat-masked elements were first extracted from
all 20 mouse autosomes and the X chromosome using the
UCSC genome browser MySQL relational database (Lee et al.
2022). Peaks were then intersected with repeat-masked elements
using bedtools (Quinlan and Hall 2010). To estimate what level of
intersection might be expected from random chance, we per-
formed 1000 repetitions of the following process: the starting po-
sition of each peak in the set of SAFB peaks was shifted randomly
to a new position between 2000 and 10,000 bases upstream or
downstream; then, each complete set of randomized set of peaks
was intersected with repeat-masked elements extracted from
UCSC. The error bars in Figure 2G represent the standard devia-
tion of the number of intersections with each class of repeat-
masked element from each set of randomized peaks.

Intersection of multimapping RIP reads with repeat-
derived elements

To determine the relative representation of repeat-derived ele-
ments in multimapping reads from SAFB RIPs, reads were aligned
to mm10 with STAR using the parameters recommended by TElo-
cal (-winAnchorMultimapNmax 100 and --outFilterMultimapNmax
100; Jin et al. 2015). SAMtools was then used to extract alignments
with MAPQ =0 (i.e., multimapping reads; Li et al. 2009). Relative
read abundance over repeat-derived elements was then calculated
with TElocal, using the prebuilt “mm10_rmsk_TE.gtf.locind” index
and the "--stranded reverse” option (Jin et al. 2015). Counts from
TElocal were converted to RPM values (reads-per-million-total-
reads). We retained only those elements that were represented
by an RPM value of >1 summed across all data sets, were repre-
sented by an average RPM of >0.25 in the WT RIPs, and that had
greater than or equal to twofold higher RPM in the WT compared
to DKO RIPs. To determine the expected representation of each
class of repeat in this final list of filtered elements, we summed
the genomic space occupied by each class of repeat in the
mm10_rmsk_TE.gtf from TElocal, and used this information to cal-
culate the expected genomic space occupied by each class of
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repeat in our final list of filtered elements. We then used % tests to
determine whether the actual genomic space occupied by each
class of repeat in our final list of filtered elements differed signifi-
cantly from what was expected. Classes of repeat that were repre-
sented by less than 25 elements in our final filtered list were not
plotted in Figure 2H. Processed data used to generate Figure 2H
are included in Supplemental Table S2.

Differential gene expression analyses

To detect genes that were differentially expressed between WT
and SAFB/2 DKO ESCs, we performed RNA-seq on “Input”
RNA extracted from the same sonicated extracts of formalde-
hyde-crosslinked WT and DKO ESCs samples that were used to
perform SAFB RIP-seq described in Figure 2—the RNA extraction
protocol is detailed in the "RNA-IPs"” section of the methods. “In-
put” RNA Reads were aligned to mm10 using STAR and default
parameters (Dobin et al. 2013), alignments were filtered to retain
only those reads with a mapping-quality of >30 using SAMtools
(Li et al. 2009), and then the number of filtered reads mapping
to each GENCODE vM25 gene was counted using featureCounts
(Liao et al. 2014): [-g gene_name -s 2 -a gencode.vM25.basic.an-
notation.gtf -o]. Genes that had less than 10 total reads summed
across all five samples (three WT and two DKO) were excluded
from downstream analyses. Counts were loaded into DESeqg2,
and the genes that had adjusted P-values for differential expres-
sion between WT and DKO samples of <0.05 were retained
and reported as “significant” in Supplemental Table S3.

Differential splicing analyses

Fastg files were aligned to the mm10 genome using STAR
v2.7.10b using default parameters (Dobin et al. 2013). Files
were sorted and indexed using SAMtools v1.16 (Li et al. 2009) be-
fore using rMATS 4.1.1 to compare splicing events in WT and
DKO ESCs, and in GFP- and SAFB-rescue DKO ESCs (Shen
et al. 2014). Events were called significant if their PSI values in
WT versus DKO ESCs, or GFP- versus SAFB-rescue DKO ESCs,
were ascribed an adjusted P-value of <0.05. Significant events
can be found in Supplemental Table Sé.

Gene set enrichment analyses

Gene set enrichment analyses of differentially expressed genes
were performed using the MSigDB webserver (Liberzon et al.
2015). The lists of significantly down- and up-regulated genes
were input, orthology mapped onto the human genome, and
queried for overlap with the Hallmark, Chemical and Genetic
Perturbations, and GO Biological Process Gene Sets. The top
20 most significantly overlapping gene sets from each search
are reported in Supplemental Table S4.

Assessing SAFB RIP signal over spliced and unspliced
transcripts

To determine the extent to which SAFB was enriched over ex-
pressed spliced and unspliced transcripts, we took advantage
of the kallisto algorithm, which was designed to enable probabi-
listic alignment of short-read RNA-seq data (Bray et al. 2016). To
enable the detection of unspliced transcripts, we created a ver-
sion of the GENCODE vM25 basic transcriptome that for each

gene, included one representative unspliced transcript that
began at the first annotated transcription start and the last anno-
tated transcription end (vM25_basic_complete.fa).

In parallel, because like all RIP- or CLIP-seq data sets, our RIP-
seq data sets contained reads that align to genomic regions
that were not classified as peaks, we selected for our downstream
analyses only the subset of RIP-seq reads that aligned under SAFB
peaks. To do this, SAFB RIP-seq reads from WT and DKO data
sets were aligned to mm10 using STAR and filtered for mapping
quality >30 using SAMtools (Li et al. 2009; Dobin et al. 2013). We
then used SAMtools to split the alignments by strand, and for
each stranded alignment file, again using SAMtools, selected
the subset of alignments from the WT and DKO data sets that
aligned under each SAFB peak. Still using SAMtools, we convert-
ed the bam alignments back into fastq data. These final fastq files
represent the subset of RIP-seq data that aligned under each clas-
sified peak and exclude most noise in the WT data set. Input RNA-
seq and the subset RIP-seq data were then aligned with kallisto to
an index made from vM25_basic_complete.fa, using the options
[-1 200 -s 50 --rf-stranded]. For each transcript isoform in vM25_ba-
sic_complete.fa, TPM counts reported from the DKO RIP-seq
data set were subtracted from TPM counts in the WT RIP-seq
data set. The output file then underwent the following filtering pa-
rameters: (i) Transcript isoforms that we had previously filtered out
prior to performing DESeq analyses were excluded; (i) for each
gene remaining, we retained the single spliced isoform with the
highest expression level as representative; and (iii) transcript iso-
forms whose expression in the WT input total RNA-seq data
were less than 0.125 TPM were excluded, including 25 and 14
genes that were originally called significantly up- and down-reg-
ulated by DESeq?2, respectively. Finally, we split the transcripts
of the genes that did not significantly change in expression
upon DKO into three categories: those with low (0.125-1 TPM),
medium (>1 but <16 TPM) and high (>16 TPM) levels of expres-
sion. Data used to make plots in Figure 3D are included in Supple-
mental Table S5.

IUPred2

Protein disorder plots for SAFB were constructed using the web-
server for I[UPred2A (Erdos and Dosztanyi 2020).

Kallisto analyses of rescue RNA-seq data

To determine the relative abundance of spliced and unspliced
transcript isoforms between the SAFB-FL-WT, SAFB-ADD3, and
GFP rescue data sets, RNA-seq data were aligned using kallisto
to an index made from vM25_basic_complete.fa, using the op-
tions [-] 200 -s 50 --rf-stranded)]. The output file then underwent
the same filtering as in Figure 3D: (i) Transcripts isoforms that
we had previously filtered out prior to performing DESeq analyses
were excluded (62,934), (i) for each gene remaining, we retained
the single spliced isoform with the highest expression level as rep-
resentative, and lastly, (iii) transcript isoforms whose averaged ex-
pression of the two SAFB-FL-WT replicates in the total RNA-seq
data were less than 0.125 TPM were excluded, including 23 and
20 genes that were originally called significantly up- and down-
regulated by DESeq2, respectively. We then normalized each in-
dividual replicate TPM value to the SAFB-FL-WT TPM average. P-
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values were determined using a paired t-test. Data used to make
plots in Figure 5D and E are included in Supplemental Table S5.

Mass spectrometry data analysis

Raw data files were processed using MaxQuant version 1.6.15.0
and searched against the reviewed mouse database (containing
17,051 entries), appended with a contaminants database, using
Andromeda within MaxQuant. Enzyme specificity was set to tryp-
sin, up to two missed cleavage sites were allowed, and methionine
oxidation and amino-terminus acetylation were set as variable
modifications. A 1% FDR was used to filter all data. Match between
runs was enabled (5 min match time window, 20 min alignment
window), and a minimum of two unique peptides was required
for label-free quantitation using the LFQ intensities. Perseus was
used for further processing (Tyanova et al. 2016). Only proteins
with >1 unique + razor peptide were used for LFQ analysis. Pro-
teins with 50% missing values were removed and missing values
were imputed from normal distribution within Perseus. Log, fold
change (FC) ratios were calculated using the averaged log, LFQ in-
tensities of the IP sample compared to the GFP control. Proteins
with log, FC>1 were considered biological interactors and ana-
lyzed further. All analyzed protein interaction data are present in
Supplemental Table S7. The mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consortium via
the PRIDE partner repository (Perez-Riverol et al. 2022) with the
data set identifier PXD038103.

DAVID GO analysis

GO analyses were conducted using DAVID (Huang da et al. 2009,
Sherman et al. 2022). Genes were searched against UP_
KW_BIOLOGICAL_PROCESS, UP_KW_CELLULAR_COMPONENT,
UP_KW_MOLECULAR_FUNCTION, GOTERM_BP_DIRECT,
GOTERM_CC_DIRECT and GOTERM_MF_DIRECT. The list
shown in Figure 6 represents the union of the top twelve most en-
riched CC and MF GO terms from the WT SAFB and HNRNPU pull-
downsthat also passed an FDR of <0.01. The bubbleplot in Figure
6 was created using tidyverse v 1.3.1 package in R version 4.0.4
(Wickham et al. 2019; R Core Team 2021).

Custom gene set enrichment analyses

To determine whether the SAFB and HNRNPU immunoprecipitates
were enriched in proteins found in nuclear speckles (Saitoh et al.
2004), paraspeckles (Yamazaki and Hirose 2015), or proteins that
harbor RS domains (Cascarina and Ross 2022), we used the lists of
proteins reported in the aforementioned references and the 69
and 165 proteins that we classified as enriched over GFP control
in the SAFB and HNRNPU IPs, respectively (Supplemental Table
S7). We followed the gene ranking metric referred to as “log, ratio
of classes” (LRC) and the GSEA framework described in Subrama-
nian et al. (2005). However, we decided to use a custom version
of GSEA, instead of the standard version, to account for (i) the lim-
ited number of genes in our two data sets, (i) the number of repli-
cates available (two for each sample), which is lower than the
canonical threshold of at least seven recommended by the GSEA
authors for phenotype permutations, and (i) the few gene sets
(only three), which were tested at the same time. Briefly, prior to cal-
culating enrichments, the average LFQ values per protein per data
set were calculated and divided by the average LFQ values of each
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protein in the GFP IP; this ratio was then log, transformed. Enrich-
ment and depletion scores were then calculated separately for
each data set. To calculate the enrichment/depletion score (EDS),
for each gene set and data set of interest, we first converted log,-
transformed ratios into a ranked list. The highest rank was defined
as the numerical value that corresponds to the total number of
rows in the list in question and was assigned to the corresponding
gene in the data set that had the highest log,-transformed ratio in
the list. The lowest rank was defined as a value of 1 and was assigned
to the gene in the data set that had the lowest log,-transformed ra-
tio in the list. These ranks were then assigned to the genes of each
gene setand their averages became the EDSs, which are specific for
each data set (SAFB and HNRNPU), gene set (speckle, paraspeckle,
and SR proteins), and condition (full protein vs. protein with a delet-
eddomain). The neutral point (NP) for each data setin each gene set
is equal to the [(# genes in the data set +1)/2]. Specifically, the EDS
of each gene set was then defined as the average rank of genes in
each data set that were present in the gene set. Gene sets whose
EDS > NP were classified as “enriched” and those whose EDS <
NP were classified as "depleted.” To assess statistical significance,
we generated random EDS values by averaging the ranks of as
many randomly selected data set genes as those present in each
gene set and repeated this process, for each data set, each gene
set and each protein form (full or with a deleted domain) 100,000
times. Then, we assessed the probability that each EDS was pro-
duced by chance following the approach outlined in Mielke and
Berry (2007), in which the P-value for enrichment = [(number of per-
mutated cases with EDS > NP)/(number of total permutations per-
formed)] or, in the case of depletion, using as the numerator of
this ratio [# permutated gene sets with EDS <NP]. Resulting P-val-
ues were Bonferroni-corrected, thus controlling for the FWER as
recommended in Olejnik et al. (1997) and Subramanian et al.
(2005). The FWER was assessed at three levels: 0.10 (*), 0.05 (**),
and 0.01 (***). We performed Bonferroni correction by keeping to-
getherenriched and depleted gene sets, when they were present at
the same time (namely, in the HNRNPU data set of the full protein),
thus producing more conservative statistical results than performing
the correction after splitting enrichment and depletion cases, as
done in standard GSEA.

Analysis of H3K27me3 ChlP-seq data

H3K27me3 data were merged by genotype (WT and DKO, respec-
tively) and total H3 data were merged. Data were then aligned to
mm10 using bowtie2 (Langmead and Salzberg 2012). Peaks were
called using MACS2 with total H3 as a control under the following
parameters: [macs2 callpeak -t -c bam -n -f BAM -g mm -broad
—broad-cutoff 0.01] (Zhang et al. 2008). H3K27me3 peak locations
are included in Supplemental Table S7. WT and DKO peak files
were catenated and then merged using bedtools [bedtools merge
-lin file > out file]. The independent WT and DKO data sets were
intersected with the merged data file [bedtools intersect -wao
-header -a union file -b wt or dko file > outfile] to identify WT
and DKO-specific H3K27me3 peaks.

H3K27me3 analyses

To annotate gene promoters, we took the gencode.vM25 basic.
annotation.gtf file and filtered features for transcripts only. We
then took the coordinates of the transcription start site from
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each transcript and added 2 kb upstream and 1 kb downstream (3
kb total) and used this region as the transcript promotor region.
We then used featureCounts (featureCounts -s O -F SAF -a pro-
moter.file -o outfile) to align H3K27me3 reads to our annotated
promoters. We then used bedtools (bedtools intersect -wao
-header -a promoter file -b k27peaksfile > out.file) to intersect
our previously called H3K27me3 peaks in our WT and DKO files
with our promoter file to find the levels of H3K27me3 at
promoters.

To perform allelic H3K27me3 analyses, variant sequence data
for the mm10 genome build was obtained from the Sanger
Institute  (http://www.sanger.ac.uk/resources/mouse/genomes/;
Keane et al. 2011), and a CAST/EiJ (CAST) pseudogenome was
created as in Calabrese et al. (2012, 2015). Reads were aligned
to both the B6 and CAST version of mm10 using STAR, and those
that had a mapping quality greater than or equal to 30 were ex-
tracted with SAMtools. Reads that overlapped B6 or CAST SNPs
were detected using a custom perl script as in Calabrese et al.
(2012, 2015). Allelic tiling density plots over chré were created
as in Schertzer et al. (2019a), using a bin size of 4000 bp.

Allelic RNA-seq analysis

To determine the extent of gene silencing by Xist across geno-
types, RNA-seq reads were aligned and processed as described
in Trotman et al. (2020, 2023). Briefly, reads were aligned to Bé
and CAST pseudogenomes using STAR and default parameters
(Dobin et al. 2013), alignments were filtered to retain only those
reads with a mapping-quality of >30 using SAMtools (Li et al.
2009), and uniquely aligning reads that overlapped B6 or CAST
SNPs were summed under each gene using custom perl scripts
as in Trotman et al. (2020, 2023). Read counts per gene were
then normalized to reads-per-million total reads (RPM). Across
SAFB genotypes, we examined the set of 242 genes whose B6 ex-
pression levels on chré differed between Xist-expressing and non-
expressing ESCs at an adjusted P-value threshold of <0.01
(Supplemental Table S?; Trotman et al. 2023).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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curred during my school and college years. | found my scientific
passion early on, and college helped me find research. | have al-
ways liked genetics—it was my favorite part of science class grow-
ing up. | was fortunate that my undergraduate institution, UW
Madison, had genetics as a major and encouraged research. |
worked in Dr. Catherine Fox's lab for four years. Her lab was fun,
hard-working, collaborative, and supportive. This was very impact-
ful for me in my development as a scientist because it allowed me
to understand what kind of lab environment | needed to succeed.

What are your subsequent near- or long-term career plans?

| would ultimately love to have a career involved in improving
women'’s reproductive health and fertility, whether my role be in
research and development, policy and advocacy, or another facet
of healthcare. These health areas are crucial because half of the
population comprises women; yet they are underserved and
underfunded.



