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Abstract

The role of serum response factor (Srf), a central mediator of actin dynamics and mechanical
signaling, in cell identity regulation is debated to be either a cell identity stabilizer or
destabilizer. We thus investigated the role of Sif in cell fate stability using mouse pluripotent
stem cells, one of the very few cell types that can tolerate null S-f. Despite the fact that serum-
containing cultures yield heterogeneous gene expression, deletion of Sf in mouse pluripotent
stem cells leads to further exacerbated cell state heterogeneity. The exaggerated heterogeneity is
not only detectible as increased lineage priming, but also as the 2C-like cell state. Thus,
pluripotent cells explore more variety of cellular states in both directions of development
surrounding naive pluripotency, a behavior that is constrained by Srf. These results support that
Sif functions as a cell state stabilizer, providing rationale for its functiona perturbation in cell
fate engineering and pathological intervention.

Introduction

Robust cell state stability is required for effective execution of specific biochemical and
biophysical functions, loss of which underlies degeneration **. On the other hand, noisy cell
states also contribute to plasticity, enabling the emergence of new cell identity ° required for
development and homeostasis throughout life. Consistent with this notion, cell-to-cell
heterogeneity is known to impart development robustness ° and culture conditions that reduce
pluripotency gene expression noise also compromises multipotency . Pathological cell states,
such as malignancy, could be viewed as cells in protracted state excursions or cells entrapped in
a proliferative state ®. Organismal well-being rests on a delicate balance between cell state
plasticity and stability. A particularly relevant biological context in which cellular heterogeneity
is implicated is aging: increased cellular heterogeneity is one of the hallmarks of aging °%°,
coupled with loss of cell identity ™. Decreased SRF activity has been seen in multiple aging

12

systems ~ and that instigators of SRF signaling has recently been shown to rguvenate

oligodendrogenesis in aged mice ™.

SRF is a ubiquitously expressed transcription factor (TF), responding to many extracellular
signals to control the expression of two large categories of genes. One is components of the


https://doi.org/10.1101/2022.08.04.502808
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.04.502808; this version posted August 5, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

actomyosin cytoskeleton, in complex with the myocardin family of transcriptional coactivators,

1415 and underlies cell size and

MKL1/2. These genes are involved in adhesion and motility
morphology. The other major group of SRF target genes is the ‘immediate-early’ genes, such as
Jun, Fos, Egrl, whose expression is rapidly activated by mitogenic stimuli ***’. Strikingly, cell
size/morphology and immediate early gene expression are the top features highly predictive of
gene expression heterogeneity *®. Furthermore, SRF is a major mediator of circadian oscillation
192 Therefore, it is conceivable that the cell-to-cell variability in gene expression is significantly
contributed by SRF, whose loss-of-function could confer a less variable gene expression state.
However, SRF inactivation is generally not tolerated in cells post E6.5 24, which either leads to
cell or animal demise or compensatory cells escaping Cre-mediated conditional allele excision,
confounding the assessment of cellular heterogeneity. Unlike somatic cells, SRF is dispensable
for pluripotent stem cells for both human % and mouse *’. We previously reported the derivation
of Sf null iPSCs %, providing the cellular system to examine the role of SRF in controlling cell
state heterogeneity in pluripotent stem cells.

Mouse pluripotent stem cells can interconvert between several related states %, For example,
they can be maintained in the naive pluripotent state (ICM-like) or primed pluripotent state

(epiblast-like) depending on culture conditions 2%

, with the latter being a developmentally more
advanced stage than the naive state. Signaling pathways, such asthe MAPK cascade and retinoic
acid signaling, induces the exit from naive pluripotency and committing to specific lineages.
Preceding the pluripotent ICM cells, the zygote and 2-cell (2C) stage blastomeres are totipotent
%, The 2C-like cells can arise spontaneously in mESC cultures at low frequency (~ 0.5% ) *.
Similar to 2-cell-stage embryos, 2C-like cdlls reactivate 2-cell-specific transcripts including
Zscand, Eifla-like, GmG6763, major satellites (Maj Sat) repeats and murine endogenous retrovirus
with leucine tRNA primer (MUERV-L, also known as MERVL and Erv4) %, As each cell state
is associated with different devel opmental potential, the molecular control of the interconversion
between these cell states have been intensely studied. For example, depletion of the p150 or the
p60 subunits of chromatin assembly factor-1 (CAF-1), or expression of Dux in mESCs promotes
the emergence of 2C-like-cells 3. Taken together, exiting naive pluripotency to enter the 2C-

like state or lineage priming are developmentally divergent and are under distinct regulatory
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mechanisms. Here, we report the surprising finding that these divergent cell states could both
arise following the loss of asingle gene, S.

Results

Srf null iPSCs display heightened cell state heter ogeneity

Sf null (S iPSCs were generated by reprogramming myeloid progenitors of adult
reprogrammable mouse, followed by Cre-mediated excision of a conditional S allele, as we
described before ?°. Consistent with the previous reports that Sf null mESCs remain pluripotent,
these S null iPSCs can be propagated in mESC culture conditions, display reduced cortical
actins and maintain highly accessible chromatin %°. To explore whether and how SRF controls
cell state heterogeneity, Sf null (KO) or wild type (WT) iPSCs cultured in serum containing
medium were subject to single-cell RNA sequencing (scRNA-seq). After quality filtering and
normalization, 857 cells for WT and 960 cells for S'f KO were retained. The mean and median
numbers of detected genes per cell were 3915 and 4135 for KO and 4114 and 4275 for WT,
respectively (Supplementary Figure 1). Using the 3,000 most variable genes, Manifold
Approximation and Projection (UMAP) dimensional reduction identified two major cell clusters
(Fig. 1A): a maor cluster encompasses most cells in both genotypes with a smaller cluster
limited to Sf KO cells (Fig. 1A). Sfisnot detected in SRF KO cells, confirming the inactivated
status of the gene. Even in the WT population, only ~20% (163 cells) displayed detectible Srf
expression, indicating that WT iPSCs naturally display a spectrum of Sf levels (Fig. 1B). In
addition to S itself, the expression of an Srf target gene Actb mirrors that of Sf, consistent with
its greatly reduced transcriptional activity. In contrast, the expression of core pluripotency genes
including Pou5fl1 (Oct4) and Nanog are similar in both genotypes (Fig. 1B), confirming the
pluripotent nature of both WT and KO cells.

We next assessed the transcriptome-wide cell-to-cell variation in gene expression levels (i.e.
intercellular gene expression heterogeneity) in Sf KOand WT iPSCs. While the mean-
expression levels for most genes exhibit minimal changes between KO and WT iPSCs (Fig.
1C,D), Sf KO iPSCs displayed higher cell-to-cell variability in transcript levels (i.e., transcript
noise) for virtually all genes across the genome, as analyzed by CV? (6?/p?) versus mean (Fig.
1E-G).). Higher CV is seen in KO cdls independent of the gene expression levels (Fig 1G).
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Additionally, we quantified transcript noise using the Fano factor (c%/p). Despite mean-
expression levels exhibiting minimal changes (Fig. 1C,D), the Fano factor increased for > 90%
of genes in Sf KO iPSCs (Fig. 1H). These results indicate that Sf KO iPSCs display a global
increase in transcript noise with little change in mean levels for the great magority of the
transcriptome. Importantly, the noisy cell state is not contributed by the small population unique
to the KO cells, as most KO cells display higher CV? and Fano factor (Fig. 1E-H). Thus,
pluripotent stem cells exist in a state of heightened heterogeneity when Sf is inactivated.

Srf KO iPSCsdisplay increased expression of differentiation markers

To examine the celular consequence of this gene expression heterogeneity, we sought to
examine the potential emergence of cell states deviating or departing from the naive pluripotent
cell state. While scRNAseq data resolves cell state heterogeneity, the data is often sparse and
may not capture the expression of genes that are present in low levels or transiently. Therefore,
we performed bulk RNA-seq of parallel S'f KO and WT iPSCs. We identified 816 up-regulated
and 247 down-regulated differentially expressed genes (DEGs) (Fig. 2A and Supplementary
Tables 1). Gene set enrichment analysis (GSEA) indicated that epithelial-to-mesenchymal
trandtion (EMT), inflammatory and interferon pathways were up-regulated in Sf KO iPSCs
compared with WT controls (Fig. 2B). Many Sif target genes including Actb, Actgl, Fos and
Egrl were substantially down-regulated, corroborating Srf loss of function (Fig. 2C).

Consistent with the scRNAseq results, core pluripotency-associated genes such as
Pou5f1 (Oct4), Nanog and Sox2 were unaffected (Fig. 2D). Expression of additional naive
pluripotency state genes including Esrrb, Tfcp2l1, Klif4, KIf2, Zfp42, NrObl and Nr5a2 were also
unaffected (Fig. 2E). These results further support that Srf is dispensable for naive pluripotency.
However, primed pluripotency genes such as Zicl and Meisl were significantly upregulated in
SfKOiPSCs (Fig. 2F).

To determine whether Sf KO iPSCs deviated more from pluripotency, we examined their
expression of lineage-specifying transcription factors. Sf KO iPSCs displayed upregulation of
markers of all three germ layers. These include the ectoderm lineage marker Fgf5; Mesoderm
lineage markers Twist2, Foxa2 and Runx1; Endoderm lineage markers Gata6, Gata4 and Sox17
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(Fig. 2G). Moreover, these lineage specific genes were expressed in the small cluster specific to
Sf KO in the scRNA-seq data (Fig. 2H). Lastly, epiblast stem cell (EpiSC) marker genes Cerl
and Dkk1 (Fig. 21) and the trophectoderm marker gene Dab2 (Fig. 2J) were significantly
upregulated in Sf KO iPSCs. Taken together, when S activity islow or absent, pluripotent stem
cells more frequently explore a differentiated/committed state. The only exception appears to be
the primordial germ cell (PGC) lineage, whose marker gene Dppa3 (Stella) was downregulated
in Sf KO iPSCs (Fig. 2K), suggesting Srf’srole in supporting germ cell potential.

Srf null iPSCs display increased expression of marker genesfor 2C-like state

On the surface, the results above could be seen as S'f KO iPSCs are prone to differentiate, which
is surprising given that Sf null embryos are defective in germ layer specification *. An
alternative interpretation is that Sf KO iPSCs display generally reduced cell state stability. In
this scenario, one would expect to detect the emergence of other cell states, including those that
is opposite to the developmental direction. One well known auxiliary cell state that pluripotent
cells fluctuate in and out is the 2C-like cell state. Therefore, we compared our data to 2C-like
embryonic stem cells (MERVL'/Zscand®, Zscand®) 3 by GSEA. The top of the Sf KO
transcriptome was significantly enriched in the 2C-specific genes (2C-up) both in Zscan4™ and
MERVL"/Zscan4” cells (Fig. 3A and B). Sf inactivation resulted in strong upregulation of the
2C-specific genes including Zscan4 genes (Zscanda, Zscandb, Zscan4c, Zscandd, and Zscan4e)
and Eifla-like genes (Gm5662, Gm2022, Gm4027, BB287469, Gm2016, Gm21319 and
GmB300), Dux, Zfp352, Uspl7lb, Testvl, Testv3, major satellites (MajSat), LINEL and MERVL
(Fig. 3C). Theseresults indicate that deletion of Srf induces the emergence of 2C-like célls.

In addition to natural fluctuation, 2C-like cells can be induced following specific perturbation.
Ishiuchi et a reported that depletion of ether the p150 or the p60 subunits of chromatin
assembly factor-1 (CAF-1) in ES cells increases the population of 2C-like-cells *. Therefore, we
compared our S KO transcriptome with that of p150 or p60 knockdown (KD). Strikingly, we
observed significant overlap between the transcriptomes following Sf loss-of-function with
those following p150 or p60 knockdown (Supplementary Figure 2A and B; p-value < 2.2e-
16 and p-value = 4.298e-16 for p150 and p60 RNAI, respectively, by two-sided Fisher's exact
test). Moreover, GSEA indicates that the most up-regulated genes in S'f KO iPSCs are enriched
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in the most up-regulated genes in p150 or p60 KD (Fig. 3D and E). These results demonstrate
that S'f KO iPSCs and Caf-1 KD cells share substantial overlapping gene-expression patterns.

Taken together, S'f loss of function in pluripotent stem cells increases the likelihood of otherwise
rare or transient cell states, including the 2C-like cells and various lineage marker positive cells.
These results collectively argue that Srf functions as a cell fate stabilizer. In its absence, gene

expression becomes noisier.

Discussion

Our results here suggest that mouse pluripotent stem cells, at least in serum containing culture
conditions supporting naive pluripotency, could depart from this main state and enter other cell
states in both developmental directions. This cell state excursion is constrained, at least partly by
the ubiquitously expressed transcription factor S'f. Itsrole in stabilizing the naive pluripotent cell
state extends our previous work in identifying the actin-MKL1/SRF pathway in stabilizing
somatic cell fate %. In the case of somatic cell reprogramming driven by the Yamanaka factors,
the activity of actin-MKL1/SRF pathway needs to be sufficiently weakened to allow the entry
into pluripotency. Together, our results lend further support that Srf is part of the actin-
MKL1/SRF pathway contributing to cell fate stability. With Srf appreciated as a cdll fate
stabilizer, its function in somatic and pluripotent stem cells can be understood in one unified
model (Fig. 4). Our results offer a potential molecular explanation why certain small molecules
with diverse targets or mechanisms, such as ROCK inhibitors and Arp2/3 inhibitors, are potent
cell fate modulators 2°“***, On the other hand, once the desired cell fate is attained and needs to
be propagated, further attenuation in Srf could be counterproductive. These insights contrasts
that of a recent study suggesting that Srf destabilizes somatic cell identity *.

As a ubiquitously expressed transcription factor, how Sif regulates cell state heterogeneity
remains to be identified. A recent report identified that DNA repair pathway regulates gene
expression noise and cell fate plasticity °. Since human pluripotent stem cells under prolonged
culture often display DNA replication stress and chromosomal abnormalities, a process that has
been linked to reduced SRF expression °, SRF may reduce gene expression noise by promoting
DNA damage repair. Congistent with this possibility, our GSEA results did indicate that
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inflammatory and apoptotic pathways to be upregulated in Sf KO iPSCs (Fig. 2B). Beyond
pluripotent stem cells, Sf loss-of-function has been reported in several human diseases via
aternative splicing or caspase mediated cleavage among others, often yielding a dominant
negative form of the transcription factor “**. Our results could provide insights into the various

pathological conditions.

M ethods

Bulk RNA sequencing (RNA-seq) and data analysis

Mouse iPSCs with S'f** (KO) and S (WT) were generated and cultured in serum containing
medium as we reported before %°. Total RNA was extracted using TRIzol reagent (Invitrogen;
Thermo Fisher Scientific, Inc.), from three replicates of each Sf genotype. The quality and
integrity of the RNA samples were examined as previously °. RNA-seq was performed with
[llumina Hiseq 2500 platform that included quality control, library preparation, fragmentation
and PCR enrichment of target RNA according to standardized procedures. 150 bp paired-end raw
reads were initially processed to obtain clean reads by removing adaptor sequences, low quality
sequences and empty reads. After quality control, the clean reads were mapped to mouse genome
(mm10) using STAT. Genes expression level were quantitated with TEtranscripts. Differentially
expressed genes (DEGSs) were identified with DESeqg2. An absolute log2 fold change >1 and the
adjusted p-value (FDR) significance score <0.05 were used as thresholds to identify DEGs. Gene
st enrichment analysis (GSEA) was peformed using GSEA — software
(http://softwar e.broadinstitute.or g/gsea/) with default parameters.

Single-cell RNA-seq library preparation, sequencing and data analysis

10x Genomics Chromium platform was used to capture and barcode cells to generate single-cell
Gel Beads-in-Emulsion (GEMs) by following the manufacturer’s protocol. The resulting
libraries were sequenced on an Illumina NovaSeq 6000 System. Sequences from scRNA-seq
were processed with Cellranger (v.2.0.0) software (10x Genomics). In short, demultiplexing,
UMI (unigue molecular identifier) collapsing and alignment to the mouse (Mus musculus)
reference genome (version: mml0) was performed. Only confidently mapped, non-PCR
duplicates with valid barcodes and unique molecular identifiers were used to generate the gene-
barcode matrix that contained 954 cells for WT and 1073 cell for Sf KO iPSCs. Further
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analysis—including data cleaning, normalization, scaling quality and filtering was performed
using the Seurat v3.1.1 *’. To exclude genes that might be random noise, we filtered genes whose
expression was detected in fewer than 10 cells. To exclude poor quality cells that might result
from multiplets or other technical noise, we filtered cells that were considered outliers (> third
quartile + 1.5% interquartile range or < first quartile - 1.5x interquartile range) based on the
number of expressed genes detected, the sum of UMI counts and the proportion of mitochondrial
genes. In addition, we limited the proportion of mitochondrial genes to a maximum of 0.1 to
further remove potential poor-quality data from broken cells. After removing unwanted cells
from the dataset, we normalized the data by the total expression, multiplied by a scale factor of
10,000 and log-transformed the result. To reduce noise that may be introduced by considering all
the genes, we used “FindVariableFeatures’ function to select ~3,000 highly variable genes
(HVGs) that contribute grestly to cell-to-cell variation. Then, the expression of the HV Gs was
used as the feature set for linear dimensional reduction of the data through principal component
analysis (PCA) using Seurat's RunPCA function. Uniform Manifold Approximation and
Projection (UMAP) dimensional reduction was performed on the scaled matrix (with most
variable genes only) using the first 30 components of principal component analysis (PCA) to
obtain a two-dimensional representation of the cell states.

Data availability
Sequencing data generated for this study have been deposited in GEO under accession code
GSE210074. All data analyzed during this study are included in the manuscript and supporting

files. Source data files are provided for all figures and figure supplements.
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Figurelegends

Figure 1. Lossof Srfincreasestranscriptional heter ogeneity of mouse iPSCs.

(A) Projection of all cells onto two principal dimensions using UMAP based on the 3,000 most
variable genes. Genotypes are distinguished by color.

(B) Violin plots of select genesin Sf KO and WT iPSCs. Lower expression in Sf and Actb
confirmsthe null status of S-fin KO cells.

(C) Violin plots depicting the mean gene expression levelsin Sf KO and WT iPSCs. Median
and 95% CI of mean gene expression levels for the 5943 genes in the Robust gene set
(Supplementary Tables 2) are shown. Wilcoxon rank test, p-value = 0.097.

(D) Dot plot depicting the mean gene expression of 5943 genesin Sf KO vs. WT iPSCs.

(E) Violin plots depicting the Coefficient of Variation (6%/u?, CV?) of gene expression in Sf KO
and WT iPSCs. Wilcoxon rank test, p-value < 2.22e-16.

(F) Binned gene expression CV? across the all gene expression averages for Sf KO and WT
iPSCs. Wilcoxon rank test, p-value < 1e-5 for all bins.

(G) Mean expression vs. CV? for all 5943 genes.

(H) Distribution of the Fano factor (6%/x) of all 5943 genesin Sf KO vs. WT iPSCs. Overlay of
density contours reveals how center of mass (red dashed line) lies above the diagonal line, as
shown for mean valuesin D and the black dashed lines.

Figure 2. Srf KO iPSCsdisplay increased expression of differentiation markers.

(A) Volcano plot of differentially expressed genes (DEGs), defined as FDR-adjusted P value
<0.05 and alog, fold change of at least 1. The red and blue dots represent up-regulated and
down-regulated DEGs in S'f KO iPSCs compared with WT controls. Shown are the top 40 most
differentially expressed genes.

(B) Upregulated genesin Sf KO iPSCs are enriched in multiple pathways, as detected by Gene
Set Enrichment Analysis (GSEA) on MSigDB HALLMARK gene sets.

(C) Expression of known S target genesin bulk RNA-seq of Sf KO and WT iPSCs. Lower
expression of these genes confirm the reduced Srf function in the KO cdlls.

(D) Expression of core pluripotency genes.

(E) Expression of naive pluripotency marker genes.
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(F) Expression of primed pluripotency marker genes.

(G) Expression of lineage specific genes, including ectodermal (Fgf5), mesodermal (Twist2,
Foxa2 and Runx1) and endodermal (Gata6, Gata4 and Sox17) markers.

(H) Expression of lineage genes on sScCRNA-seq UMAP.

(1) Expression of epiblast stem cells (Epi SCs) marker genes.

(J) Expression of trophectoderm marker genes.

(K) Expression of primordia germ cell (PGC) marker genes.

* log2FC| > 1 && FDR < 0.05; ** |log2FC| > 1 && FDR < 0.01.

Figure 3. Srf KO iPSCsdisplay increased expression of marker genesfor 2C-like state.
(A) GSEA of the 229 upregulated genes in the Zscan4* 2C-like cells **. The x axis shows the

log2(fold change)-ranked Sf KO transcriptome. The enrichment score increases when agenein
the S'f KO transcriptomeis also present in the 2C-like gene set, and a black vertical bar isdrawn
at bottom; the enrichment score decreases when a gene is absent in the 2C-like gene set. Thep
value was empirically determined on the basis of 1,000 permutations of ranked gene lists.

(B) GSEA of the 310 upregulated genesin the MERVL*/Zscan4* 2C-like cells *.

(C) Expression of a pand of 2C-like genes between Sf KO and WT iPSCs. * |log2FC| > 1 &&
FDR < 0.05; ** [log2FC| > 1 && FDR < 0.01.

(D) GSEA of the top 500 most upregulated genes in p150 knockdown (KD) mESCs.

(E) GSEA of the top 500 most upregulated genesin p60 KD mESCs.

Figure 4. Working model of Srf conferring cell state stability in pluripotent stem cells.
Pluripotency state, at least when cultured in serum containing medium, is heterogeneous
containing a spectrum of cell states arising spontaneously (blue line, WT). The spread of these
cell statesis constrained by S-f (yellow line, KO). Deleting S'f allows more cells to appear in the
tail regionsin both directions of development.
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Supplementary Figure 1. Characteristics of SCRNA-seq with density plot of number of
expressed genes per cell. 960 and 857 transcriptomes (filtered and normalized with Seurat) from
S KO and WT iPSCs, respectively, were analyzed.

Supplementary Figure 2. Sf KO iPSCs and CAF-1 KD cells share overlapping gene-
expression patterns.

(A) Venn diagram showing the comparison between differentially expressed genesin Sf KO
iPSCs and p150-depleted ES.

(B) Venn diagram showing the comparison between differentially expressed genesin S KO
IPSCs and p60-depleted ES.

Genes with an FDR-adjusted p value <0.05 and a log, fold change of at least 1 were considered
to be differentially expressed.

Supplementary Tables 1. Differentially expressed genesin Sf KO iPSCs compared with WT.

Supplementary Tables 2. Mean gene expression, CV2and Fano factor of all 5943 genesin Sf
KO and WT iPSCs based on sScRNA-seq.
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