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ABSTRACT

It has recently been shown that CFIm25, a canonical mRNA 3’ processing factor, could play a variety of
physiological roles through its molecular function in the regulation of mRNA alternative polyadenylation
(APA). Here, we used CRISPR/Cas9-mediated gene editing approach in human embryonic stem cells
(hESCs) for CFIm25, and obtained three gene knockdown/mutant cell lines. CFIm25 gene editing
resulted in higher proliferation rate and impaired differentiation potential for hESCs, with these effects
likely to be directly regulated by the target genes, including the pluripotency factor rexl.
Mechanistically, we unexpected found that perturbation in CFIm25 gene expression did not significantly
affect cellular mRNA 3’ processing efficiency and APA profile. Rather, we provided evidences that
CFIm25 may impact RNA polymerase Il (RNAPII) occupancy at the body of transcribed genes, and
promote the expression level of a group of transcripts associated with cellular proliferation and/or
differentiation. Taken together, these results reveal novel mechanisms underlying CFIm25's modulation
in determination of cell fate, and provide evidence that the process of mammalian gene transcription
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may be regulated by an mRNA 3’ processing factor.

Introduction

Processing of pre-mRNA 3’ end is a key step in eukaryotic
gene expression [1,2]. Based on current models, processing of
human canonical mRNA 3’ end involves two coupled steps,
namely cleavage and polyadenylation [3-6]. Specifically, clea-
vage requires two core multi-subunit complexes, namely clea-
vage and polyadenylation specificity factors (CPSF) and
cleavage stimulation factor (CstF). On the other hand, poly-
adenylation involves addition of a poly(A) tail at the 3’ end of
pre-mRNA upon cleavage by Poly(A) polymerase (PAP). At
the molecular level, mRNA 3’ processing often occurs co-
transcriptionally [7-9], and is tightly connected with all the
three steps of mRNA transcription, namely initiation, elonga-
tion, and termination. For example, TFIID, one of the general
transcription factors required for transcription initiation, has
been implicated in regulation of mRNA 3’ processing by
associating with CPSF [10], the core subunit of 3’ processing
complex. More recent studies have shown that transcription
activity at 5’ end of genes could significantly affect mRNA 3’
processing, though the detailed mechanisms remain elusive
[11-13]. Another example is the phosphorylation of serine 2
residues (Ser2P) at the C-terminal domain (CTD) of heptad
repeats of RPB1, the largest subunit of RNAPII. As transcrip-
tion approaches termination, Ser2P facilitates recruitment of
3’ processing factors to nascent transcripts [14,15]. Aside from
the impact of transcription on mRNA 3’ processing, emerging

evidences have shown that mRNA 3’ processing, in turn,
might impact transcription. For example, several yeast 3’
processing factors reportedly interact with 5 end of genes,
thereby impacting transcription through gene looping [16-
19]. In human cells, 3’ end formation has been shown to play
a stimulatory role in transcription, possibly by recycling fac-
tors required for initiation/elongation [20]. Another example
is Ul snRNP telescripting, a phenomenon linking premature
transcription termination with mRNA 3’ processing at
numerous intronic polyadenylation sites (PASs) [21-23].
However, despite the crucial role played by mRNA 3’ proces-
sing in mRNA maturation and function, its benefits to tran-
scription is often underestimated and less studied [20,24].
The human CFIm complex, which comprises CFIm68/
CFIm59 and CFIm25, was initially identified as a basic sub-
unit of canonical 3’ processing complex [3,25,26]. Recent
studies suggest that it serves as an activator of canonical
mRNA 3’ processing and is a master regulator of alternative
polyadenylation (APA) [27-31]. Accumulating evidences have
indicated that this complex might play a role in gene tran-
scription. Firstly, CFIm, together with CPSF and CstF, can be
cross-linked with transcription initiation region for tran-
scribed genes [9,32-34]. Secondly, researchers used RNAPII
ChIP-seq to reveal transcription changes in a subset of genes
following depletion of CFIm [35,36]. To date, nothing is
known on whether the CFIm complex can directly regulate
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transcription of genes. This is, at least partially, due to a global
APA shift upon CFIm depletion in previously reported cell
systems [27,30,31,37-40], and the effect of CFIm depletion on
gene transcription may be neglected.

Recent studies have implicated CFIm25, the key compo-
nent of the CFIm complex, in development of multiple cancer
types and determination of cell fate [39,41-43]. Given the
primary molecular function of CFIm25 in regulation of
mRNA 3’ processing and APA, most of the reported CFIm25-
associated cellular phenotypes have been attributed to its role
in PAS choice of target genes thus far [30,37-47]. In the
present study, we used CFIm25 knockdown/mutant H9 cell
lines, to elucidate an alternative underlying mechanism
through which CFIm25 participates in gene regulatory net-
work. Our results revealed that CFIm25 depletion/mutation
has little effect on efficiency of cellular mRNA 3’ processing
and global APA profile in H9 cell lines. Strikingly, disruption
of CFIm25 gene expression significantly impacted RNAPII
binding, at transcribed genes, and down-regulated transcrip-
tion output of several key genes associated with the pheno-
type, including rexl gene. Overall, these results reveal
a potential role played by CFIm25 in regulation of gene
transcription.

Results

Generation of three CFIm25 knockdown/mutation cell
lines in hESCs (human embryonic stem cells) using
CRISPR/Cas9 technology

CFIm25 was recently shown to be a determinant factor of cell
fate in mouse cells [41]. To examine its role in human stem
cells, we initially wished to perform CFIm25 gene knockout
(KO) in H9 cells, a commonly used human embryonic stem
cell line, by using the episomal vector-based CRISPR/Cas9
technology [48]. T7 endonuclease I assays revealed that trans-
fection of target gRNAs resulted in a relatively high mutation
rate at the CFIm25 gene locus (Figure S1A; Supplemental
source file 1). After antibiotics selection, we picked more
than 300 clones for western blot analysis (Supplemental
source file 2), and results showed that at least three of them
showed gene KO using a CFIm25 primary antibody (sc-
81,109, santa cruz) (Fig. 1A; Supplemental source file 3),
which recognizes the N-terminus of CFIm25 protein. We
noted that our gRNAs were designed near the start codon
(Figure S1B), it is possible that these clones may harbour
mutation at CFIm25 N-terminus, which may not be targeted
by this antibody. Indeed, using another antibody that can
recognize the full length CFIm25 (10,322-1-AP, Proteintech),
we observed a faint band near 25 kDa for the selected clones
(the knockdown efficiency reached approximately 90% for all
the three clones) (Fig. 1A; Supplemental source file 3). We
further applied DNA sequencing and found that each clone at
least one allele has been deleted a multiple of 3 nts (Figure
S1B), which results in 12 to 17 amino acids N-terminus
deletion proteins. These results are in line with the observa-
tion that the molecular weight of the band in mutant cells is
slightly smaller than that in control cells using the CFIm25
antibody from Proteintech (Fig. 1A; Supplemental source
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file 3). Consistent with previous reports [30,49], we observed
that CFIm59, but not CFImé68, showed a mild decrease in
expression level upon CFIm25 depletion (Fig. 1A;
Supplemental source file 3). Taken together, we presumed
that CFIm25 is essential for human cells, and we generated
three CFIm25 gene knockdown and small N-terminus dele-
tion mutant clones in H9 cells. For simplicity, they were
designated as CFIm25-mutants (CFIm25 m). As mock con-
trols in subsequent experiments, we randomly picked two
clones that were transfected with CRISPR/Cas9 empty vector.

CFIm25 regulates growth rate and pluripotency of
hESCs

During cell culture, we observed that all of these mutant cell
lines grew faster than mock control cells. Therefore, we
decided to decipher the potential physiological roles of
CFIm25 in hESCs using these cells. Cell proliferation assess-
ment using Cell Counting Kit-8 (CCK-8) showed that
CFIm25 mutation caused a significant increase in cell prolif-
eration rate in all three clones (Fig. 1C). It is important to
note that the growth rate of human stem cell is largely depen-
dent on the starting cell density, we repeated the same experi-
ment with another starting cell density, and the results
showed similar trend (Figure S1C). This observation is con-
sistent with previous reports that CFIm25 knock-down
increased the rate of cell proliferation in multiple cancer cell
lines [30,43], and suggests that ESCs could be sharing
a common feature with cancer cells. Notably, since all three
mutant clones were obtained following transfection of three
independent gRNAs (Figure S1B), the observed phenotype
may not be due to potential indirect effects caused by gRNA
off-targeting. Consequently, we combined all three into one
dataset (CFm25-m) for simplicity, it not indicated otherwise,
owing to the high similarity among phenotypes and deep
sequencing results (Fig. 1C; Supplemental Table 2 and 3).

To elucidate the role of CFIm25 in proliferation of hESCs,
we performed a rescue experiment by re-expressing CFIm25
in the mutant cells (CFIm25-m3) using a lentivirus-mediated
gene overexpression system. Western blotting revealed that
CFIm25 expression was restored to a level comparable to that
of endogenous protein (Fig. 1B; Supplemental source file 4),
thereby re-establishing the cell proliferation phenotype
(Fig. 1C). Additionally, results from cell cycle analysis showed
that mutation in CFIm25 significantly shortened the G1 phase
and lengthened the G2 phase during cell cycle progression
(Fig. 1D; Figure S1D). Overall, these results demonstrated that
CFIm25 plays an active role in proliferation of hESCs.

Next, we investigated whether CFIm25 might affect hESCs
self-renewal capacity and differentiation potential, two main
features characteristic of ESCs. To test this, we first performed
qRT-PCR analysis targeting a panel of canonical pluripotency
and differentiation markers in both mock control and
CFIm25-mutant hESCs. Results revealed no significant
changes in expression of the tested pluripotency markers
(Figure SIE and 1F). This is consistent with the observation
from cell morphology analysis (Figure S1G), and suggests that
mutations in CFIm25 might not affect self-renewal capacity of
hESCs. In keeping with this, the expression of marker genes
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Figure 1. CFim25 knockdown/mutation impacts the cell proliferation rate and differentiation potential of H9 cell line. (A) Western blot analysis of CFim25 and
CFim59/68 proteins in cell lysates prepared from two controls and three CFim25 gene-edited H9 cell lines. GAPDH serves as sample loading control (Control: H9 cells;
Mock control: eCRISPR empty vector-transfected H9 cells; CFim25 m1-3: eCRISPR-CFim25 gRNAs transfected H9 cells) . The primary antibody 1 against CFim25 is from
Santa Cruz Company, and antibody 2 is from Proteintech . (B) Western blot analysis of CFim25 and indicated protein (peptide) in cell lysates prepared from Mock,
CFim25-m, and CFim25-m plus 3XFiag-CFim25 over- expression cells. At least three independent experiments have been carried out and representative images are
shown . The primary antibody for CFim25 is from santa cruz (sc- 81,109) . (C) Cell proliferation rate measurement by CCK-8 kit for indicated cell lines. The growth rate
of hESCs is largely dependent on starting cell density . The starting cell density in this experiment is 5000 per well of 96 well plates. Three independent experiments
have been carried out and representative results are shown . (D) Flow Cytometry analysis of cell cycle using a Propidium lodide Flow Cytometry Kit in the indicated
cell lines (m: mutant; OE:overexpression) . The right panel shows the representative result of the percent- ages of cells during different stages of cell cycle. The
quantification of three independent experiments is shown in Figure S1D. (E) RT-gPCR analysis of the expression level of cor- responding lineage differentiation
markers in indicated cell lines during trilineage differentiation . Three independent experiments have been carried out and quantified . Student’s t-test was used to
estimate the significance of the change. *p < 0.05. ns: non-significant. (F) Quantification of the yield of cardiomyocytes by performing fluorescence-activated cell
sorting (FACS) analysis in the indicated cell lines during cardiomyocytes differentiation from three independent experiments . cTnT antibodies were used in FACS
experiment. Bottom panel is the quantification from three representative experiments (m: mutant; OE: overexpression) . Student’s t-test was used to estimate the
significance:* p < 0.05.



across the three germ layers remained undetectable
(Supplemental Table 1). Additionally, we used a well-defined
Trilineage Differentiation Kit followed by qRT-PCR analysis
of differentiation markers to compare the differentiation
potential of mock control and CFIm25-mutant hESCs.
Strikingly, mutation in CFIm25 appeared to interfere with
endoderm, and to a lesser extent, mesoderm differentiation,
as evidenced by downregulation of all tested endoderm mar-
kers as well as some in the mesoderm markers (Fig. 1E).

To validate the positive role played by CFIm25 in hESC
mesoderm/endoderm differentiation, we used
a Cardiomyocyte Differentiation kit to generate cardiomyo-
cytes from mock control and CFIm25-mutant hESCs, owing
to the fact that cardiomyocyte specification requires both
primitive endoderm and nascent mesoderm [50,51].
Cardiomyocyte induction resulted in a ~ 5-fold decrease in
efficiency of CFIm25-mutants, as evidenced by the percen-
tages of cardiac troponin T-positive (¢cTnT+) cells (Fig. 1F).
Additionally, cardiomyocytes derived from mock control
hESCs exhibited spontaneous beating on day 15, whereas
less activity was observed in those from CFIm25-mutant
hESCs (Supplemental Video 1 and 2). CFIm25 re-expression
in CFIm25-mutant hESCs increased the induction efficiency
by about 4 fold (Fig. 1F), further affirming CFIm25’s role in
cardiomyocytes. Taken together, these results indicated that
CFIm25 regulates cell proliferation and differentiation poten-
tial in H9 cell line.

CFIm25 regulates mRNA expression level in a subset
of genes in hESCs

Next, we explored the molecular mechanisms through which
CFIm25 regulates hESCs proliferation and pluripotency.
Given its function in choice of polyadenylation site (PAS)
and APA regulation [28,41,43], we hypothesized that the
observed phenotype is, at least in part, caused by aberrant
APA profile in CFIm25-mutant cells. To test this, we char-
acterized global polyadenylation profiles in CFIm25-mutant
hESCs alongside controls via high-throughput mRNA 3’ end
sequencing. Unexpectedly, results showed that mutations in
CFIm25 induced insignificant APA changes in the hESC
transcriptome (Fig. 2A; Supplemental Table 2), in contrast
with what has previously been reported [30,37,41,42,45,46].
As can be seen in Figure S2A, two well documented CFIm25
APA target, cyclinD1 and dicer] genes, did not show apparent
APA shift in CFIm25-mutant cells. Previous studies have
shown that CFIm25-mediated APA regulation is associated
with enhanced canonical PAS processing [31]. Therefore, we
compared the overall canonical PAS processing efficiency
between CFIm25-mutant and mock control hESCs using
a luciferase reporter assay that is applied elsewhere [31,52-
54]. Results indicated that mutations in CFIm25 did not lower
the processing activity of SVL PAS (Figure S2B), a widely used
canonical PAS in the mRNA processing field. These results
suggest that CFIm25-mutant is sufficient to support canonical
mRNA 3’ processing in cells. To verify these findings, we
performed a SVL PAS RNA-biotin based pull-down assay
followed by western blot analysis using nuclear extracts
(NEs) in CFIm25-mutant and mock control hESCs, and
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observed that core 3’ processing factors, such as CFImé68,
Fipl and CPSF30, were pulled down with similar efficiency
(Figure S2C; Supplemental source file 5). As negative controls,
much less proteins were detected in the pull-down sample
using SVL PAS RNA mutant, which harbours a point muta-
tion at the core AAUAAA hexamer (Figure S2C).
Consistently, the SVL PAS RNA mutant showed little PAS
processing activity in vivo (Figure S2B).

To further unravel the mechanisms underlying the cellular
phenotype, we performed RNA-seq analysis to determine
differential expression of genes between CFIm25-mutant and
control H9 cells. At a cut-off value of P < 0.05 and fold
change>1, we found a total of 587 differentially expressed
genes between the groups, of which 277 and 310 were down-
regulated and up-regulated, respectively. On the other hand,
99 and 129 genes were down-regulated and up-regulated,
respectively, at a cut-off value of P < 0.05 and fold change>2
(Fig. 2B; Supplemental Table 3). Additionally, both RNA-seq
and PAS-seq approaches were efficient in quantification of
gene/isoform expression, as evidenced by good agreement
between respective results (Fig. 2C; Figure S2D-E). Gene
ontology analysis of the 99/277 down-regulated genes revealed
significantly enrichment of genes involved in cellular differ-
entiation, as well as development and negative regulation of
growth (Fig. 2D), which is consistent with the earlier results
on phenotypes in CFIm25-mutant cells (Fig. 1C-1F). In con-
trast, enrichment analysis of the 128/309 up-regulated genes
revealed no terms associated with cellular proliferation or
differentiation (Supplemental Table 3).

To further validate the RNA-seq results, we performed
qRT-PCR analysis targeting 11 down-regulated genes, and
found consistent expression patterns (Fig. 2C, 2E; Figure
S2E). Analysis of RNA-seq data from the aforementioned
CFIm25 over-expression and mock control hESCs revealed
that CFm25 re-expression restored expression of most down-
regulated genes (Fig. 2E; Figure S2F, S2G; Supplemental
Table 4), suggesting that CFIm25 may be playing a direct
role in regulating expression of these transcripts. Based on
these findings, we hypothesized that CFIm25 might be regu-
lating expression of a subset of cellular proliferation/differen-
tiation-associated transcripts independent of its canonical role
in promoting the processing of canonical PASs in hESCs.

CFIm25 promotes rex1 gene expression at the
transcription level

Given that rexI is a well-established pluripotency marker and
its expression showed the most significant change upon
CFIm25 gene editing (Fig. 2E) [55,56], we further wished to
understand how CFIm25 promotes rex] gene expression in
hESCs. We considered several hypotheses. Firstly, rexI PAS 3’
processing might not be efficient in CFIm25-mutant cells, and
may cause transcription read-through at the PAS region as
well as subsequent mRNA decay; secondly, CFIm25 might
protect rex] mRNA from degradation and promote its stabi-
lity in the nucleus; thirdly, CFIm25 may promote rexI gene
transcription. To test the first hypothesis, we compared the
levels of extended transcript beyond rexI PAS via qRT-PCR
(Fig. 3A), and observed that CFIm25 mutations did not
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line. (A) mRNA alternative polyadenylation (APA) change in mock and CFim25-m(1-3) H9 cell lines. 3'-seq analysis of APA in mock and CFim25-m H9 cells, Log2
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less reliable (fold change<2) . Genes for subsequent studies are circled. (C) IGV track screen shots showing mRNA-seq and 3'-seq results for rex1 gene in mock and
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(http://geneontology .org/) . Gene ontology terms (y axis) and corresponding p-values (x axis) are shown . (E) RT-qPCR analysis of the expression level of indicated
genes in mock and CFim25-m (1-3) H9 cells. The results of three independent experiments have been quantified. Student’s t-test was used to estimate the

significance of the change. *P < 0 .05.

increase the yield of read-through transcript at PAS region
(Fig. 3B). To test the second scenario, we measured the half-
life of rex] mRNA by first treating cells with Actinyomycin
D (Act D), followed by qRT-PCR analysis. Similarly, we found
no marked difference between mock control and CFIm25-
mutant cells within 2-hour periods (Figure S3A). In fact,

rex] mRNA was hardly detectable in CFIm25-mutant cells
following longer time Act D treatment. At least three lines of
evidences suggest that CFIm25 regulates rexI gene expression
at the transcriptional level. Firstly, qRT-PCR-based compar-
ison of rex] pre-mRNA expression, using primers targeting its
intronic region, revealed a fold change that was comparable to
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that of rex] mRNA expression (Fig. 3C). Secondly, we
enriched nascent RNAs by purifying chromatin-associated
RNAs and subsequently quantified their expression via qRT-
PCR using the aforementioned primers. We found consistent
results, evidenced by lower levels of rexI pre-mRNAs in
CFIm25-mutant, relative to control cells (Figure S3B).
Thirdly, we directly enriched nascent RNAs via metabolic
pulse-chase labelling of RNA using bromouridine (BrU),
then purified them with anti-BrU antibody. As expected, we
obtained similar results after QqRT-PCR (Figure S3C).

Given the essential role played by a promoter in gene
transcription, we hypothesized that CFIm25 might be regulat-
ing activity of rexl's promoter. To test this, we cloned rexI
gene promoter into pGL3-basic plasmid, then measured its
luciferase activity. Results showed no significant differences in
luciferase activities between control and CFIm25-mutant cells
(Figure S3D), suggesting that other elements might be
involved in CFIm25's role in regulating rexI transcription
initiation/elongation.

Previous studies have shown that in yeast, some mRNA 3’
end processing factors may regulate transcription by bridging
the interaction between the promoter and terminator regions
of specific genes, a phenomenon termed gene looping [16-
19]. In the present study, we used chromatin conformation
capture (3C) analysis to test this model in rexI gene, based on
following observations. Firstly, mouse rex! gene locus is char-
acterized by long-range DNA-DNA interactions [57].
Secondly, ChIP-qPCR results suggest that CFIm25 is moder-
ately enriched at both ends of the rexl gene in H9 cells
(Figure S3E). Therefore, we constructed 3C libraries by digest-
ing nuclei prepared from control and CFIm25-mutant cells
with BseYI restriction enzyme. Then, we applied DNA liga-
tion with T4 DNA ligase and PCR amplification targeting the
indicated genomic sites (Fig. 3D). BseYI enzyme was chosen
as both rexIl gene promoter and terminator region harbour
this restriction enzyme site. Results revealed clear band, indi-
cative of a genomic interaction between the rexI promoter
and terminator regions, in control H9 cell lines, but not in
CFIm25-mutant cells (Fig. 3E; Supplemental source file 6).
However, the amount of DNA input, which was amplified
from a specific internal coding region of rex! gene between
two BseY1 sites, was comparable in the parallel experiments.
Result of sanger sequencing analysis confirmed that the
amplified PCR product were similar to those obtained near
rex] promoter and terminator regions (Fig. 3F). Additionally,
we showed that this PCR product is dependent on formalde-
hyde-mediated crosslinking and DNA ligation (Figure S3F;
Supplemental source file 6), indicating the PCR band may
reflect the chromatin interaction.

Next, we evaluated whether the detected rexI promoter/
terminator interaction was correlated with its expression.
Strikingly, results from 3C-PCR analysis revealed no signifi-
cant interaction in promoter/terminator interaction across
differentiated cells expressing low levels of rexI transcript
(Fig. 3E; Figure S3G; Supplemental source file 6), suggesting
that this gene looping may be associated with gene expression.
Similarly, treatment of the cells with transcription inhibitor
Act D significantly abolished the observed interaction
(Fig. 3E; Supplemental source file 6). Overall, these results

indicated that CFIm25 might promote rexl expression in
hESCs, in part, by facilitating formation of gene looping,
a chromatin conformation status associated with transcription
activation or enhancement.

Gene looping was reported to affect promoter directional-
ity [16], we further examined if this could also be applied for
rex] gene. In contrast to previous report, we failed to detect
apparent expression of anti-sense transcript near rexI gene
promoter in both control and CFIm25 mutant cells based on
mRNA-seq data and RT-qPCR analysis (Fig. 2G;
Supplemental Table 1), indicating that the rexI gene looping
regulated by CFIm25 might not be related with promoter
directionality.

CFIm25 significantly affects gene transcription
dynamics in hESCs

We hypothesized that CFIm25 could be promoting expres-
sion of other mRNA targets via transcriptional mechanisms.
To this end, we performed RNA polymerase II (RNAPII)
ChIP-seq in two mock control and CFIm25-mutant hESCs
(the mutant for all the ChIP-seqs refers to m3, two biological
replicates, unless otherwise noted), and found that CFIm25
globally promoted RNAPII’s association with actively tran-
scribed genomic region, as evidenced by the metagene plots
for all expressed genes (FPKM>1, 14,274 genes based on
mRNA-seq) and the group of down-regulated genes
(Fig. 4A; Figure S4A). This trend was pronounced for both
high- and low-abundance genes (Figure S4A), suggesting that
CFIm25-regulated gene transcription might be a general phe-
nomenon. A common change, as shown in representative
genome browser view of gapdh gene, involved a mild
decrease in the signal at transcription start site (TSS) and
gene body following gene editing of CFIm25 (Figure S4B).
We noted that RNAPII ChIP-seq signal near TES decreased,
rather than increased, in CFIm25-mutant cells (Fig. 4A),
further supporting the aforementioned conclusion that over-
all PAS processing efficiency was not affected, as inefficient
PAS processing often leads to retarded transcription termina-
tion and RNAPII accumulation downstream of transcription
end site (TES) [58]. Next, we performed peak calling by
MACS2 and identified differential binding events using
DiffBind package. As expected, we identified thousands of
differential binding sites, with a majority of them located in
intron (Fig. 4B; Supplemental Table 5). Consistently, 22% of
the genes showing expression level changes upon CFIm25
gene editing harbour differential RNAPII binding sites
(Fig. 4B). To validate the ChIP-seq results, we randomly
selected nine regions, subjected them to ChIP-qPCR (three
biological replicates), and observed consistent trend for most
of the sites (Fig. 4C). Thus, we presumed that CFIm25 might
significantly regulate the expression of mRNAs at the tran-
scription level. Additionally, the RNAPII binding on the
group of up-regulated genes (310 genes) appeared to be less
affected by CFIm25 gene editing (Figure S4A). However, this
might not be significant, because up-regulated genes intrin-
sically require more RNAPII binding to produce more
transcripts.
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Given that rex! is a transcription-related pluripotency fac-
tor, whose expression is down-regulated in CFIm25-mutant
cells, we further investigated whether the aberrant RNAPII
occupancy might be caused by its depletion. Here, we gener-
ated a stable cell line expressing rexI shRNA, and subse-
quently analysed it using RNAPII ChIP-seq assay. Results
from qRT-PCR and western blot analysis revealed that rexI
was moderately depleted (Figure S4C; Supplemental source
file 7). Significantly, rather than detecting a decrease, we
observed an increase in RNAPII ChIP-seq signal in rexl
RNAI cells (Figure S4C). Furthermore, the same bioinfor-
matics pipeline and statistical analysis revealed no presence
of differential binding sites, which is in contrast with results
from RNAPII ChIP-seq in CFIm25-mutant cells
(Supplemental Table 5). Additionally, we observed that other
CFIm25 mRNA targets (84 down-regulated genes and 129 up-

regulated genes upon CFIm25 gene editing) exhibited no clear
general  transcription-associated = molecular  functions
(Supplemental Table 3). Thus, we combined these observa-
tions with the aforementioned data in which CFIm25 over-
expression rescued the gene expression phenotype, and
concluded that CFIm25 may be directly responsible for the
observed transcription effect.

To further validate this finding, we performed ChIP-seq
analysis using antibodies against RNAPII Ser5/Ser2, two mod-
ification status associated with transcription initiation/elonga-
tion/termination [59-61]. Consistent with the finding from
previous studies that RNAPII Ser5 has major binding peak at
TSS and Ser2 signal gradually increases towards TES [61], our
results revealed similar patterns in hESCs. Results from both
metagene plot and differential peak identification revealed
potential transcription initiation/elongation disturbance at
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the transcriptome level (Fig. 4D; Figure S4D; Supplemental
Table 5). Further normalization of Ser5/Ser2 signal to total
RNAPII signal also confirmed this point (Fig. 4D). The gen-
ome browser views for two representative genes (down-
regulated upon CFIm25 gene editing) were shown in Figure
S4E. Taken together, our results suggest that CFIm25 might
regulate gene transcription.

To identify additional evidence supporting CFIm25’s role
in regulating gene transcription, we performed Cleavage
Under Targets and Tagmentation (CUT&Tag) analysis, an
improved ChIP-seq method, using antibodies against
CFIm25. Strikingly, in addition to the peak observed at TES,
we detected a sharp peak at TSS in the CFIm25 binding
profiles (Figure S4F). Consistent with the knowledge that
core 3’ processing factors associate with RNAPII during tran-
scription [7], we observed positive CFIm25 binding signal
throughout the gene body for all expressed genes, including
the group of down-regulated/up-regulated genes (Figure S4F).
Peak calling analysis showed that CFIm25 has at least one
significant binding peak for 3735 genes, with 1242 genes
harbouring at least one peak near TSS region (-2 kb to 2
kb) (Supplemental Table 5). For these 1242 genes, 202 of them
have at least one RNAPII differential binding peak. These
results indicate that the presence of CFIm25 may directly
affect RNAPII binding for specific group of genes. Notably,
although results from both CUT&Tag analysis are often lim-
ited by non-specificity of target antibodies, our findings in
CFIm25 are reliable owing to prior normalization of the
signals by backgrounds from CFIm25-mutant cells.

Furthermore, we performed a nuclear run-on assay, which
provides a measure of transcription and minimizes the effect
of RNA stability, and analysed expression levels of two target
pre-mRNAs by qRT-PCR, these two genes were selected
owing to their differential mRNA expression as well as effect
on their transcription processes as shown by RNAPII/Ser5
ChIP-seq and RNAPII ChIP-qPCR results (Fig. 4C; Figure
S4E). Notably, we detected low levels of transcription product
near the promoter region in CFIm25-mutant cells, but not in
the middle or at the end point of these genes (Fig. 4E; Figure
S4H; Supplemental source file 8). Taken together, these results
suggest that CFIm25 may be playing a cellular role in the early
stages of gene transcription in specific genes, including
ccdcl52 and dctnb.

To validate our findings, we analysed a randomly selected
dataset in which CFIm25 was depleted in human cancer cell
line [62]. In addition to APA change, we observed differential
expression of thousands of transcripts upon CFIm25 deple-
tion (Figure S4I; Supplemental Table 6). Interestingly, these
two groups of genes did not show a striking overlap, further
indicating that CFIm25 might have functions other than PAS
usage.

CFIm25 might affect gene transcription through its
association with LEO1

Next, we explored the mechanism through which CFIm25
regulates transcription. Since some splicing factors could reg-
ulate transcription process through their interaction with gen-
eral transcription factors [63,64], we hypothesized that

CFIm25 might also utilize such a mechanism to regulate
transcription. To this end, we took advantage of the aformen-
tioned 3XFlag-CFIm25 H9 cell line and performed anti-FLAG
immunoprecipitation (IP) assays followed by mass spectro-
metry (MS) analysis. As expected, CFIm68 and CFIm59, two
known CFIm25 interaction partners, were highly enriched in
the FLAG IP sample based on cell lysates prepared from
hESCs  overexpressing =~ FLAG-CFIm25  (Supplemental
Table 7). LEO1, an RNAPII associated factor, was selected
among the candidates owing to its direct association with
transcription [65].

MS results were further confirmed by western blot analysis
(Fig. 5A; Supplemental source file 9). As our FLAG IP/MS
was carried out in the absence of ribonuclease, it is possible
that the detected interaction was mediated by RNAs. To
confirm a direct protein—protein interaction, we performed
aformentioned FLAG IP in the presence of RNAse A to avoid
RNA-mediated effects. Western blot analysis revealed similar
result to that without RNAse A treatment, indicating a direct
association of CFIm25 with LEO1 (Figure S5A; Supplemental
source file 9). To further confirm this, we carried out GST-
pull down assays using recombinant GST-tagged CFIm25
protein and His-tagged LEO1 protein (Figure S5B;
Supplemental source file 10). Western blot analysis suggested
that LEO1 indeed is able to associate with GST-CFIm25, but
not control GST proteins (Fig. 5B). Furthermore, we observed
that LEO1 C-terminus fragment, but not other fragments
(truncation fragment 4 and 5 were apparently detectable in
western blotting analysis using the anti-His Tag antibody,
whereas their expression were not readily detectable using
Coomassie blue staining), showed detectable association with
CFIm25 under physiological conditions, as shown by the
western blot analysis (Fig. 5C; Supplemental source file 10).

Inspired by the above result, we further tested the associa-
tions of LEO1 C-terminus fragment with several CFIm25
N-terminus mutants. Three mutants were designed to mimic
the three small N-terminus deletion/mutant proteins pro-
duced by CFIm25 gene-edited cells (Figure S1B; Figure S5B;
Fig. 5D). Strikingly, we observed that none of these three
mutants were able to associate with LEO1 C-terminus trunca-
tion fragment, in comparison with wild type GST-CFIm25
(Fig. 5D; Supplemental source file 11), providing evidence
that CFIm25 may associate with LEO1 through its
N-terminus. It must be noted, nevertheless, that this interac-
tion is relatively weak in vitro based on the pull-down effi-
ciency (Fig. 5B-D).

To explore the functional impact of CFIm25-LEO1 asso-
ciation, we carried out ChIP-seq analysis on LEOI1 in
CFIm25-mutant alongside control hESCs, and found that
LEOL1 exhibited a significant decrease in binding frequency
on transcribed genes, including the group of down-regulated
genes, upon CFIm25 gene editing (Fig. 5E), although the
overall ChIP efficiency is relatively lower than that of
RNAPII (Figure 4A and 5E). Interestingly, the decrease
trend seemed more obvious for high-abundance genes
(Figure S5C), as shown in representative genome browser
view of gapdh gene (Figure S5D). This observation is in
agreement with aforementioned finding that RNAPII occu-
pancy is globally down-regulated in CFIm25-mutant hESCs
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difference between the two plots.

(Fig. 4A). It is important to point out that the input samples
gave approximately the same signal in our RNAPII and LEO1
ChIP-seqs (Figure S4B; Figure S5D), and thus the detected
discrepancy between ChIP samples did not appear to be
caused by DNA heterogeneity in input samples. In contrast,
the overall DNA binding pattern of HNRNPL, another pro-
tein that has potential interaction with CFIm25 (Fig. 5A;
Supplemental Table 7; Supplemental source file 9), showed
no apparent change in CFIm25-mutant cells (Fig. 5E). The
LEO1/HNRNPL ChIP-seq results were further validated by
ChIP-qPCR, by amplifying two specific genomic regions of
gapdh gene. As shown in Figure S5D, the ChIP efficiency of
LEOI1 was increased by more than 5 fold at both tested sites in
control cells, whereas HNRNPL did not show significant
change. Importantly, antibodies against negative IgG control
showed extremely low affinity with the same targets, indicat-
ing both LEO1 and HNRNPL ChIP-seq signals were above the
background level. Taken together, these results suggest that
CFIm25 potentially affects the genomic binding pattern of its

associated transcription factor LEOI1, thereby providing
a potential mechanism underlying CFIm25-mediated tran-
scription regulation.

CFIm25 targets associate with the phenotypes of
CFIm25 gene editing in hESCs

The above results suggest that CFIm25 may affect gene tran-
scription process and enhance expression of a subset of
mRNA targets. To understand the effect of CFIm25 gene
editing on cellular phenotypes, we used overexpression and
knockdown experiments on several high-confidence CFIm25
targets, then analysed the resulting cellular phenotypes.
Strikingly, depletion of rexl significantly impaired differen-
tiation of the endoderm in hESCs, as evidenced by down-
regulation of endoderm-lineage markers following
differentiation induction (Fig. 6A). Notably, we found no
significant changes in expression of most of the tested self-
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renewal markers and the cell morphology in both CFIm25-
mutant and rexI RNAi cells (Figure S6A and B), suggesting
that rexI depletion did not affect self-renewal of H9 cells.
These results are consistent with the findings of previous
reports in which mouse rexl was reportedly dispensable for
self-renewal of ES cells [55]. In fact, knocking it out in mouse

ES cells was implicated in impaired differentiation of the
visceral endoderm [55]. Furthermore, we carried out rexI
gene overexpression in rex] RNAi hESCs and performed
parallel experiments. Indeed, rexI overexpression could par-
tially rescue the differentiation potential phenotype induced
by rex1 depletion (Fig. 6A).



Since rexI depletion could not fully recapitulate the endo-
derm lineage differentiation phenotype caused by CFIm25
gene editing (Fig. 1E; Fig. 6A), we tested the function of
another CFIm25 high-confidence target, linc00458, a long
noncoding RNA that has been associated with endodermal
lineage specification [66]. Results showed that linc00458
knockdown using Antisense Oligonucleotides (ASO) technol-
ogy significantly down-regulated endoderm-specific genes
gata4 and hhex during induction of endoderm differentiation
(Fig. 6B). Overall, these results suggest that the observed
phenotype in hESCs lacking CFIm25 might be caused by
synergistic effects of CFIm25 mutation in target genes.

We further tested the function of several other targets that
might be associated with cell proliferation phenotype upon
CFIm25 gene editing. As expected, overexpression of tuscl,
a tumour-associated suppressor gene [67], caused an apparent
suppression in the rate of cell proliferation (Fig. 6C). When
cells overexpressing tuscl gene were subjected to endoderm
differentiation, they appeared to be dysregulated during this
process, as evidenced by the expression of molecular markers
(Fig. 6D). This result was consistent with the findings from
previous reports in which some tumour suppressor genes
were found to play a crucial role in ESCs pluripotency
[68,69]. Taken together, our results indicate that phenotypes
of CFIm25-mutant hESCs result from down-regulation of
a subset of CFIm25-regulated RNA transcripts.

Discussion

In the field of co-transcriptional mRNA processing, most
previous reports studying co-transcriptional mRNA 3’ proces-
sing have focused on how transcription facilitates mRNA 3’
processing, and the effect of 3’ processing on mRNA alter-
native polyadenylation (APA). In this study, we present evi-
dence that CFIm25, a canonical mRNA 3’ processing factor,
may promote gene transcription in H9 cell line, and the
mechanism might be involved in its interaction with LEOI1,
an RNAPII associated factor. Importantly, CFIm25 as well as
its targets plays a direct role in H9 cell function. A schematic
model is presented in Fig. 6E. Our findings not only provide
novel insights into the critical role played by CFIm25 (and
possibly other 3’ processing factors) in gene regulation, aside
from its traditionally studied function in mRNA 3’ processing
and APA regulation, but also expand our understanding of its
role in determination of cell fate.

Researchers have long hypothesized that mRNA 3’ proces-
sing factors may be playing a role in transcription. For exam-
ple, the co-purification of CPSF with TFIID was discovered
more than twenty years ago [10]. Recent studies have shown
that CstF64 and CPSF73 regulate RNAPII activity at tran-
scription end sites (TES) [58], and CFIm25/CFIm68 depletion
in HeLa cells affects RNAPII occupancy in a subset of genes
[35,36]. However, our results are significant in at least two
major respects. Firstly, we excluded the possibility that the
observed transcription phenotypes might be caused by
impaired transcription termination, upon CFIm25 gene edit-
ing. Therefore, our findings provide more direct evidence that
mRNA 3’ processing factor may be playing an active role in
early transcription rather than passively interacting with
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transcription termination. Secondly, results from our global
analyses and nuclear run-on assays for specific genes affirm
reliability of our results, while the findings of our CFIm25
overexpression rescue experiment validate the conclusion.

Multiple lines of evidences indicate that CFIm25 might
affect transcription elongation. Firstly, ChIP-seq analysis
using antibodies against a transcription initiation-associated
factor TBP (TATA box binding protein) revealed no marked
difference near TSS region (Figure S6C). Secondly, the major-
ity of differential peaks identified from RNAPII ChIP-seq are
located in introns (Fig. 4B). Thirdly, RNAPII Ser5/Ser2 signals
showed significant changes at the gene body when normalized
to total RNAPII (Fig. 4D). Fourthly, CFIm25 could bind
throughout gene body based on CUT&Tag analysis (Figure
S4F). Lastly, CFIm25 appears to associate with LEO1 (Fig. 5B-
D), which is best known for its role in transcription elonga-
tion. Given the global effect of RNAPII occupancy on tran-
scribed genes in CFIm25-mutant cells, it remains unclear why
CFIm25 gene editing only affected the steady level of
a specific subset of genes, as we observed no significant
difference in total poly(A+) RNA yield between control and
CFIm25-mutant hESCs (Figure S6D). We attribute this to two
scenarios. Firstly, the steady levels of mRNAs are controlled
by multiple factors, such as transcription, mRNA processing
and stability [70], while we cannot rule out existence of
unknown mechanisms that regulate this balance in mRNA
expression upon CFIm25 gene editing. For example, we noted
a slight increase, albeit statistically insignificant, in canonical
SVL PAS processing efficiency (Figure S2B). Therefore, it is
plausible that the steady levels in a majority of genes with no
apparent change in expression might be balanced by
decreased transcription and increase in 3’ processing effi-
ciency. Secondly, transcription itself is controlled by auto-
regulatory mechanisms. For example, paused RNAPII report-
edly inhibits new transcriptional initiation [71]. In the present
study, we used RNAPII ChIP-seq analysis to reveal defects in
the observed global transcription. However, the extent to
which the occupancy of RNAPII contribute to the transcrip-
tion output in our system remain unknown.

Further studies are required to fully understand the role of
CFIm25 in transcriptional regulation in the context of co-
transcriptional mRNA processing. Firstly, although it is unli-
kely that this phenomenon is unique to hESCs, we cannot
fully exclude this possibility. Similar assays in other cell types
are imperative to validate these findings and unravel the
precise underlying molecular mechanisms. Secondly, previous
studies have shown that CFIm25 can regulate global mRNA
alternative polyadenylation (APA) in many cell types
[30,31,37,39,41-43,45,46], while recent reports demonstrated
that it could also regulate mRNA splicing in specific genes
[72,73]. Future explorations are expected to reveal whether
they are associated with CFIm25's potential role in transcrip-
tional regulation, and to elucidate mechanisms underlying
coordination of these multiple regulatory roles. Finally, we
envisage that further explorations will generate a deeper
understanding of the functional significance of CFIm25-
mediated regulation of transcription. Previous studies have
shown that CFIm25 plays important cellular roles under nor-
mal physiological conditions, while its dysregulation has been
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associated with a variety of diseases, such as cancer, learning
deficits and dermal fibrosis [30,37,39,41-43,45,46]. Results of
the present study corroborated the aforementioned findings,
as evidenced by enhanced cell proliferation and impaired
differentiation potential in hESCs upon CFIm25 mutation. It
is plausible that CFIm25-mediated transcription regulation
may also be involved in other reported cellular systems.
A key challenge for future investigations is emergence of
multiple molecular functions of CFIm25. For example,
although CFIm25 might regulate mRNA abundance, splicing
and APA for the same group of genes, approaches for deli-
neating their respective contributions to cellular phenotype
remain limited. With the growing trend in generating related
data, we believe a clearer picture will be painted with regards
to the functional significance of CFIm25-mediated regulation
in transcription.

Materials and Methods

Cell culture and plasmids transfections

H9 hESCs were purchased from the National Collection of
Authenticated Cell Cultures (Shanghai, Catalogue SCSP-302)
and were maintained in mTeSR (Stem Cell Technology) on
Matrigel-coated plates at 37°C. CRISPR/Cas9-mediated
CFIm25 gene editing was carried out using a previously
reported eCRISPR plasmid [48], based on the following
gRNA target sequences: gl: CAGCCGGTCTGCGAGCGATT,
g2: CCGAACTGAGTGACCCCCCG, and g3:
CCAATCGCTCGCAGACCGGC. Cultures were selected on
puromycin, single-cell clones picked for further expansion.
pLKO.puro shRNA vectors were used for rexI RNAi, with
target sequence GCATGCAAATACGAACAAGAA, while len-
tiviral plasmids were used for gene overexpression. Briefly,
3XFlag-CFIm25 ¢cDNA was cloned into CD533A-2 pCDH-
EF1-MCS-IRES-Neo (SBS), whereas rex] and tuscl overexpres-
sion plasmids were purchased from Fulengen, Catalogues EX-
T4815-Lv242; EX-12275-Lv233. Transfections for plasmids and
Antisense oligos (ASOs) were performed using Lipofectamine
3000 and Lipofectamine RNAIMAX (Life Technology), respec-
tively. ASOs targeting linc00458 were ordered from RiboBio.
Cells were harvested at the suggested time points for further
analysis upon transfection.

Cell growth measurement and differentiation
induction

Cell growth monitoring and analysis of hESCs trilineage dif-
ferentiation were performed using the Cell Counting Kit-8
(Dojindo) and STEMJIiffTM trilineage differentiation Kkits
(Stem Cell Technology), according to the manufacture’s pro-
tocols. For cell growth measurement, cells were seeded at 5000
cells per well on 96-well plate at day 0. After the addition of
CCK-8 solution, the absorbance at 450 nm was measured
using a microplate reader at the indicated time points (day
0, 1, 2, et al.). It is important to note that the growth rate of
human embryonic stem cells is sensitive to the quality and

density of starting cells. Therefore, it is essential to keep the
starting cell numbers at the same level and make sure tested
cells were treated in parallel in this experiment. For stem cell
trilineage differentiation induction experiments, cells were
seeded in 12-well plate at the suggested cell density. The
induction time is approximately within one week. After
induction, total RNAs were harvested, and subsequent RT-
qPCR analysis of lineage expression markers was carried out
to estimate the induction efficiency. Moreover, differentiation
of hESCs cardiomyocytes was performed wusing the
STEMJIiffTM Cardiomyocyte Differentiation Kit (Stem Cell
Technology), whereas analysis of cardiomyocyte induction
efficiency was conducted via FACS using the ¢TnT+ primary
antibody (Thermo Scientific, MA5-12,960).

Luciferase reporter assays

hESCs were transfected for 24 h with pPASPORT-SVL PAS or
pGL3-basic (promoter sequence inserts)+pRL-TK plasmids,
harvested, then subjected to analysis of Luciferase activity
using the Promega Dual-Luciferase Reporter kit and
Beirthold Sirius detection system.

RNA-biotin based pull-down assay

SVL PAS RNA and the corresponding point mutant RNA
(CPSF recognition motif ‘AAUAAA’ hexamer was mutated
to ‘AACAAA’) were made by in vitro transcription using SP6
polymerase, and biotinylated at 3’ end using a biotinylation
Kit (Thermofisher). H9 cell nuclear extracts (NEs) were made
following the described protocol [3,74]. Approximately 15 ug
biotinylated RNAs were first bound to the streptavidin beads,
and then incubated with 100 pl pre-cleared NE in the poly-
adenylation condition [40% NE, 8.8 mM HEPES (pH 7.9),
44 mM KCl, 0.4 mM DTT, 0.7 mM MgCl2, 1 mM ATP, and
20 mM creatine phosphate] for 20 minutes, after biotin-
streptavidine binding, washing, pull-down sample were
heated (75°C for 5 minutes) in 1XSSC buffer (150 mM
NaCl, 15 mM sodium citrate) for elution. The eluted sample
was further subjected to western blot analysis.

Metabolic pulse-chase RNA labelling with
bromouridine (BrU)

Cellular pre-mRNA labelling was performed with bromour-
idine, according to a published protocol [75]. Briefly, hESCs
were grown to approximately 50% confluency in 3 10-cm
plates, then incubated with bromouridine (final 2 mM), at
a pulse time of 30 min. BrU containing pre-mRNA was
purified with 2 pg anti-BrdU antibodies (BD Pharmingen)
prior to use in downstream RT-qPCR analysis.

Nuclear run-on assay

Nuclear run-on assays were performed using previously
described protocol with minor modifications [64,76]. Briefly,
1 x 10" hESCs were permeabilized with digitonin, and nuclei
was isolated via low-speed centrifugation. A nuclear run-on
reaction was initiated by mixing the nuclei with 60 pl reaction



buffer (50 mM Tris-HCI, pH7.4, 10 mM MgCI2, 150 mM
NaCl, 25% (v/v) glycerol, 0.5 mM PMSF and 25 U ml-1
RNasin) and 40 pl BrU-containing NTPs mixture (1.8 mM
ATP, 0.5 mM CTP and GTP, 0.375 mM UTP, 0.125 mM
BrU), with a 15-min incubation at 25°C. After the reaction,
RNA was extracted from BrU-containing cells using the
Trizol reagent (Thermo Scientific), and further isolated by
2 pg anti-BrU antibodies (BD Pharmingen). Purified RNAs
were used for downstream RT-qPCR analysis.

Chromosome conformation capture (3C) analysis

A 3C analysis was carried out according to a published
protocol [77], with minor modifications. Briefly, 1 x 107
cells were cross-linked in 1% formaldehyde solution and
quenched with 125 mM glycine. Cells were permeabilized,
their nuclei were isolated via centrifugation then resus-
pended in a 0.5 ml solution comprising 1.2x restriction
enzyme NEBuffer™ r3.1 (NEB) containing 0.3% SDS. After
incubation, shaking, and digestion with BseYI enzyme
(NEB), the cross-linked chromatin was ligated using T4
DNA ligase (NEB). The DNA was de-crosslinked, purified
via phenol/chloroform extraction and ethanol precipita-
tion, then subjected to 3C-PCR analysis using primers
listed in supplementary table 8. PCR reactions were set
up by mixing: 500 ng of DNA template; 25 pmol of each
primer; 5 pl of 10x PCR buffer; 1 ul of 10 mM dNTP mix;
1 pl of 5 U/pl taq DNA polymerase; H,O to bring the final
volume to 50 pl. Run PCR with the following thermal
cycling parameters.l cycle: 2 min 95°C (initial denatura-
tion); 30 cycles: 30 sec 95°C (denaturation), 30 sec 55°C
(annealing), 1 min 72°C (extension); 1 cycle: 4 min 72°C
(final extension).

3’-seq, mRNA-seq, ChiP-seq

We performed 3’-seq analysis using QuantSeq Rev 3’
mRNA sequencing library prep kit (Lexogen), on the
NovaSeq platform. Raw reads were reverse complemented
and mapped to the human genome (hgl9), allowing up to
two mismatches using Bowtie2 with the settings ‘bowtie2 -p
28 -N 1 -k 1’. The 3’ end of the read maps was considered
a poly(A) junction. The bioinformatics analysis for reads
filtering and clustering, internal priming removal, poly(A)
site identification and subsequent APA analysis shown in
Fig. 2A and Figure S4H, were performed essentially as
previously described [52,54].

Preparation of mRNA-seq library, sequencing and analysis
of sequence data were performed in accordance with the
standard protocol described by Illumina and Novogene.
Identification of differentially expressed genes was done
using the DESeq2 tool.

ChIP-seq libraries were prepared using the ChIP-IT®
Express Enzymatic Shearing (Active Motif) and ChIP-seq
library preparation (Vazyme) Kkits. Primary antibodies
used for ChIP included RNAPII (39,497, Active Motif);
hnRNPL (18,354-1-AP, Proteintech); RNAPII Ser5
(61,986, Active Motif); RNAPII Ser2 (61,984, Active
Motif); LEO1 (PAB14102, Abnova); CFIm68 (A301-358A,
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Bethyl); CFIm59 (A301-359A, Bethyl); IgG (ACO005,
Abclonal). CUT & Tag libraries for CFIm25 were pre-
pared using the CUT & Tag Hyperactive In-Situ ChIP
Library Prep Kit (Vazyme) and primary antibody
(10,322-1-AP, Proteintech). Compared to traditional
ChIP-seq, CUT&Tag has the advantage that the entire
process from antibody binding to adaptor ligation occurs
in vivo. These libraries were sequenced on the NovaSeq
platform, and all ChIP-seq data processing and analysis
performed according to the ENCODE ChIP-seq pipeline
(https://www.encodeproject.org/data-standards/chip-seq/).
Metagene plots were generated with Deeptools2
computeMatrix tool with a bin size of 50 bp and
plotProfile - outFileNameData tool. Graphs representing
the (IP/Input) signal (ChIP-seq) were then created with
R packages. Metagene profiles are shown as the average of
two biological replicates. P-values were computed with
a Kolmogorov-Smirnov (K-S) test.

Affinity purification of CFIm25-associated proteins

A total of 10 x 10" hESCs cells that stably overexpress Flag-tag
CFIm25 or negative control were harvested by centrifugation
at 2000 g for 5 min. Cells were lysed with 3 ml IP lysis buffer
(87,787, Thermo Scientific) in the presence of protease inhi-
bitor cocktail (Roche). After incubation at 4°C for 20 min and
centrifugation at 15,000 g for 10 min, cell extracts (3 ml of the
supernatant) were incubated with Anti-Flag Affinity Gel
(Bimake) at 4°C for 3 h. After three washes, each with 1 ml
Wash Buffer (30 mM Tris-Cl, pH 7.4, 150 mM NaCl, and
0.5% Triton X-100), proteins were eluted from the beads
using elution buffer (30 mM Tris-Cl, pH 7.4, 150 mM NacCl,
0.5% Triton X-100, and 400 pg/ml Poly FLAG peptide).
Eluted samples were resolved in an SDS-polyacrylamide gel,
followed by mass spectrometry (Mass Spectrometry Facility at
Novogene, Beijing). Aliquots of the eluted proteins were used
for western blotting.

GST pull-down assay

Human CFIm25 and corresponding N-terminus mutants
were inserted into vector pGEX-4T3 and expressed as GST-
CFIm25 fusion protein in BL21 (DE3) strain. The fusion
protein was purified with Proteinlso® GST Resin (TRANS).
LEO1 truncation fragments were inserted into vector pET-
28a vector and expressed as His-LEOI1 fusion proteins in
BL21 (DE3) strain. Full length His-LEO1 DNA construct
was purchased from Fulengen (Catalogue: EX-T3600-B31).
The fusion proteins were purified with HisPur Cobalt Resin
(Thermo Scientific). For GST pull-down assay, two proteins
(approximately 10 pM for each) were mixed in binding
buffer (20 mM HEPES, pH 7.9, 150 mM NaCl, 1 mM
MgCl2, 0.2 mM EDTA, 0.1% NP-40, protease inhibitor).
After binding, washing, proteins were eluted from the beads
using elution buffer (20 mM HEPES, pH 7.9, 150 mM
NaCl, 1 mM MgCl2, 0.2 mM EDTA, 0.1% NP-40, protease
inhibitor, 20 mM Glutathione). Eluted proteins were used
for western blotting or Coomassie blue staining.
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Quantitative real time polymerase chain reaction
(gRT-PCR) and western blot analysis

Quantitative real-time PCR was performed in 96-well plates, on
the LightCycler® 480 qPCR system (Roche). Briefly, RNAs were
quantified on a NanoDrop™ 1000 Spectrophotometer (Anti-BrU
antibodies purified pre-mRNAs were not quantified due to low
yield). The cDNA was synthesized from extracted RNA using the
superscript III reverse transcriptase kit (Life Technology). The
cDNA was used for qRT-PCR amplification targeting genes out-
lined in Supplementary Table 8. Expression data were analysed
using the AACt method, and normalized based on appropriate
controls. All the gPCR parameters and results including reaction
conditions, input volumes and Ct values, have been listed in MIQE
form as Supplemental Table 9. Western blot assay was conducted
using standard techniques, with the following primary antibodies;
CFIm25 (10,322-1-AP, Proteintech or sc-81,109, Santa Cruz),
REX1 (MA5-38,664, Thermo Scientific), CFIm68 (A301-358A,
Bethyl), CFIm59 (A301-359A, Bethyl), GAPDH (sc-32,233,
Santa Cruz), Flag (HT201-01, TRANS), His (HT501-01, TRANS).

Accession numbers

All the deep sequencing data have been deposited to GEO database with
the accession no.GSE178194.
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