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ABSTRACT

The nuanced mechanisms driving primordial germ
cells (PGC) specification remain incompletely under-
stood since genome-wide transcriptional regulation
in developing PGCs has previously only been de-
fined indirectly. Here, using SLAMseq analysis, we
determined genome-wide transcription rates during
the differentiation of embryonic stem cells (ESCs)
to form epiblast-like (EpiLC) cells and ultimately
PGC-like cells (PGCLCs). This revealed thousands of
genes undergoing bursts of transcriptional induction
and rapid shut-off not detectable by RNAseq analy-
sis. Our SLAMseq datasets also allowed us to in-
fer RNA turnover rates, which revealed thousands
of mRNAs stabilized and destabilized during PGCLC
specification. mMRNAs tend to be unstable in ESCs
and then are progressively stabilized as they differ-
entiate. For some classes of genes, mRNA turnover
regulation collaborates with transcriptional regula-
tion, but these processes oppose each other in a sur-
prisingly high frequency of genes. To test whether
regulated mRNA turnover has a physiological role
in PGC development, we examined three genes that
we found were regulated by RNA turnover: Sox2,
Kif2 and Ccne1. Circumvention of their regulated
RNA turnover severely impaired the ESC-to-EpiLC
and EpiLC-to-PGCLC transitions. Our study demon-
strates the functional importance of regulated RNA
stability in germline development and provides a
roadmap of transcriptional and post-transcriptional
regulation during germline specification.

INTRODUCTION

Primordial germ cells (PGCs), the progenitors of gametes,
provide the link between one generation and the next. PGC
specification, which begins early in the embryo, involves a

highly orchestrated combination of transcriptional and epi-
genetic mechanisms (1-3). While some molecular mecha-
nisms underlying PGC specification in vivo have been de-
fined, progress has been hindered by the small number of
cells—approximately 40—in the initially formed PGC pop-
ulation (4). Furthermore, most PGC markers are expressed
in other cells (5,6), making it difficult to trace PGCs in the
developing embryo. A significant advance in the field was
the development by Hayashi ef al. of a defined culture sys-
tem to generate PGC-like cells (PGCLC) from mouse em-
bryonic stem cells (ESCs) (7). In this model, which closely
mimics the events occurring during in vivo PGC fate de-
termination, cytokines are used to induce mouse embry-
onic stem cells (ESCs) to differentiate into epiblast-like cells
(EpiLCs), which then are induced to form PGCLCs. As a
testament to their similarity to PGCs, these in vitro-derived
PGCs progress normally through spermatogenesis, gener-
ate sperm and, through fertilization, allow for full-term de-
velopment (7).

PGCLCs have been widely used to study germline fate
specification (8-15). For example, this in vitro model has
recapitulated in vivo-defined transcriptional networks criti-
cal for PGC specification, such as those involving BLIMP1,
PRDM14 and AP2y (8). Genome-wide CRISPR screens
have been performed using PGCLCs to identify transcrip-
tional factors essential for germline fate determination (10).
Many mechanistic studies have been done using this in vitro
model to define transcriptional regulators and circuits im-
portant for the PGC specification process (8—15).

While the studies described above identified several
transcription factors and downstream genes involved in
germline specification, our understanding of the transcrip-
tional networks critical for this developmental process likely
remain incomplete. This follows from the fact that the genes
identified as being regulated during the germline specifica-
tion process have been largely defined by RNAseq analysis
(7,11,16-19), a method that does not measure transcription
rates, but instead measures steady-state mRINA levels. Be-
cause RNNA steady-state levels reflect not only the amount
of newly synthesized mRNA, but also the pre-existing RNA
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pool, transient bursts in transcription would be expected to
be invisible to RNAseq analysis. Likewise, the exact tim-
ing of the initiation of sustained transcriptional induction
events cannot be determined by RNAseq analysis because
the pre-existing RNA pool obscures the initial burst of
transcription. By the same reasoning, transient or recently-
initiated transcriptional silencing events would be expected
to escape detection by RNAseq analysis. Thus, the assump-
tion that RNAseq analysis adequately addresses transcrip-
tional regulatory mechanisms is not valid.

Another assumption by many in the field is that devel-
opmental events are regulated mainly, if not exclusively, by
transcriptional mechanisms coupled with signaling mech-
anisms (3,20). The tacit assumption is that changes in
mRNA levels during development (as detected by RNAseq
or qPCR analyses) is primarily due to changes in transcrip-
tion rate. However, steady-state mRNA levels are also dic-
tated by the rate of mRNA turnover (21,22) (Figure 1A).
Regulated mRNA turnover confers regulatory properties
that complement transcriptional regulation, such as provid-
ing rapid shut-off of gene expression (23). In addition, reg-
ulated RNA turnover has the potential to drive precise tem-
poral and spatial control of RNA abundance, particularly
during developmental transitions (24). Indeed, empirical
studies have shown that regulated RNA turnover influences
the expression dynamics of large numbers of transcripts
(24-28), often in a cell type-specific or context-dependent
manner (26-28).

Despite the potential importance of regulated RNA
turnover, only a few studies have identified transcripts regu-
lated by RNA turnover in PGCs. These studies, all of which
were conducted in lower organisms (Drosophila, Danio and
Oryzias), identified 3 mRNAs that are selectively stabilized
in PGCs (not somatic cells), and other mRNAs whose sta-
bility appeared to be regulated by specific RNA-binding
proteins in PGCs (29-33). However, the functional con-
sequences of the regulation of these few mRNAs at the
level of RNA stability was not determined. Furthermore,
to our knowledge, a genome-wide view of mRNAs reg-
ulated by turnover in PGCs—in either invertebrates or
vertebrates—has not been reported.

In the studies described herein, we measured transcrip-
tion rates and RNA decay rates genome-wide during the
PGC specification process using a metabolic labeling ap-
proach called ‘thiol(SH)-linked alkylation for the metabolic
sequencing of RNA’ (SLAMseq) analysis (34). SLAM-
seq distinguishes newly synthesized and preexisting tran-
scripts by detecting—through chemical conversion—the in-
corporation of the modified nucleotide, 4-thiouridine (s*U),
into newly synthesized transcripts. SLAMseq analysis al-
lowed us to identify thousands of transcripts undergo-
ing alterations in transcription rate and/or RNA turnover
rate during the process of PGC generation. This approach
also identified thousands of transcripts undergoing tran-
scriptional alterations not detectable at the steady-state
level (by RNAseq analysis). It also defined different classes
of genes, including those in which transcription and RNA
turnover collaborate to regulate their expression, those in
which these two processes antagonize each other, and those
in which RNA turnover is the dominant means of regula-
tion. Finally, we addressed a question that has rarely been
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addressed in any developmental system - does regulated
RNA turnover have a functional impact on development?
Our experiments designed to address this question allowed
us to obtain evidence that specific mRNAs must undergo
regulated stabilization and destabilization to permit effi-
cient PGC specification. Together, our study demonstrates
the functional importance of regulated RNA turnover, and
provides a rich resource for understanding the roles of both
transcription and RNA turnover in germline specification.

MATERIALS AND METHODS
Mouse ESC culture and differentiation

Mouse ESCs (V6.5; Novus Biologicals) were maintained
on a 0.1% gelatin (MilliporeSigma)-coated dish, under
21 + LIF conditions: N2B27 medium supplemented with
1 x GlutaMAX (Gibco), 1000 U/ml mouse LIF (Milli-
poreSigma), 3 uM CHIR99021 (MedChem Express) and
1 pnM PD0325901 (Selleckchem). Cells were passaged every
3 days.

Mouse ESCs were induced to differentiate into EpiLCs
and PGCLGCs, as previously described (7). Briefly, three
hundred thousand cells were plated on six-well culture
plates coated with 16.7 mg/ml fibronectin (MilliporeSigma)
and grown in N2B27 medium supplemented with 1%
knockout serum replacement (KSR; Gibco), bFGF (12
ng/ml; Life Technologies), and activin A (20 ng/ml; R&D
Systems) for 2 days. The medium was changed every day.
The PGCLCs were induced under a floating condition by
plating two thousand day 2 EpiL.Cs in a single well from a
96-well Lipidure-Coat Plate (Amsbio) and grown in serum-
free GK15 medium (GMEM [Gibco], KSR [15%; Gibco],
nonessential amino acids [Gibco], sodium pyruvate [1 mM;
Gibco], 2-mercaptoethanol [0.1 mM; Gibco], L-glutamine
[2 mM; Gibco], BMP4 [500 ng/ml; Miltenyi Biotec], SCF
[100 ng/ml; Miltenyi Biotec], BMP8b [500 ng/ml; R&D
Systems], EGF [50 ng/ml; Pepprotech]) and LIF (Milli-
poreSigma) for 4 days.

Flow cytometry analysis

PGCLCs were purified by cell sorting using antibodies
against ITGB3 (Biolegend) and SSEA1 (eBioscience) con-
jugated with PE and Alexa Fluor 647, respectively, as previ-
ously described (35,36). After dissecting single cells, the cells
were resuspended in staining buffer (PBS + 3% FBS) for
20 min on ice, stained with the primary antibodies, washed
with staining buffer, resuspended in staining buffer and
sorted by FACS. Small debris and doublets were removed by
gating for size. For negative controls, we analyzed unstained
and secondary antibody only (primary omitted) stained
cells. The data were processed using FlowJo software (BD
Biosciences). Results were from at least three independent
replicates. Statistical significance was determined using the
paired Student’s ¢-test.

SLAMseq analysis

SLAMseq was performed as previously described (34,37).
Before collecting samples, the cells were pulse-treated with
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Figure 1. Genome-wide mRNA steady-state level kinetics during the process of PGCLC specification. (A) Steady-state mRNA levels are dictated by both
RNA synthesis (transcription) and turnover rates. A low transcription rate coupled with high turnover rate yields low mRNA steady-state level (depicted
as one transcript), while high transcription rate coupled with low turnover rate yields high mRNA steady-state level (depicted as seven transcripts). An
intermediate RNA steady-state level (depicted as three transcripts) can be achieved by either high transcription rate coupled with high RNA turnover
rate or the inverse. (B) Schematic illustration of the PGCLC specification model. mESC cells cultured under 2i condition are treated with different growth
factors, as indicated, to induce their differentiation into EpiLC and PGCLC cells. Before collecting samples for our experiments, cells were given a pulse of
s*U for 1 h. (C) The relative expression level (logo[TPM + 1]) of pluripotency factor genes (Sox2 and Nanog), epiblast marker genes (Fgfs and Dnmi3b),
and PGC-enriched genes (Prdml, Prdmi4, Nanos3, and Dndl). Their fold-changes across these three cell stages are shown in Supplementary Table S1. (D)
PCA of the indicated SLAMseq samples. SS, steady-state RNA; TU, transcription rate. (E) Volcano plot showing the steady-state levels of DETs when
comparing EpiLCs with mESCs (T1) or PGCLCs with EpiLCs (T2). ¢ < 0.01, llogoaFCI>1. (F) Overlap amongst DETs defined in panel (E). (G) The
number of transcripts in each of the transcript classes (from panel F). (H) The most statistically significant gene ontology (GO) terms for each transcript
class (defined in G).



400 uM s*U for 1 h. After extracting total RNA, car-
boxyamidomethylation was performed under standard con-
ditions: ~1-10 wg RNAs, 50% DMSO, 10 mM IAA, 50
mM sodium phosphate buffer (pH 8), incubated for 20 min
at 50°C. The reaction was quenched by addition of 1 pl of
IM DTT. After RNA purification, libraries were prepared
using the Quant-seq mRNA 3’ end library preparation kit
(Lexogen) according to the manufacturer’s instructions. Se-
quencing was performed using a Illumina HiSeq 4000 at the
UCSD IGM core in the SR100 mode.

Reads were filtered for quality and aligned with SLAM-
DUNK (v0.4.3) (38) against the full Mus musculus refer-
ence genome (GRCm38), with < 100 alignments for multi-
mappers and > 0.2 for sequence variants. Gene and 3’ UTR
annotations were obtained from Ensembl (https://uswest.
ensembl.org/). T > C conversion rate was determined for
each position along the custom-defined counting windows
by normalizing to genomic T content and coverage of each
position and averaging per UTR. Both total read counts
(steady-state RNA level) and T > C read counts (transcrip-
tion; >2 T > C conversions) were extracted from SLAM-
DUNK analysis. Once both steady-state RNA and tran-
scription read counts were normalized to transcripts per
kilobase million (TPM), the RNA turnover rate was in-
ferred as previously described (39). Differential gene expres-
sion calling was performed using DESeq2 (v1.34.0) (40), us-
ing the following threshold: g-value <0.01. The R package
program ‘pheatmap’ was used for clustering and to gener-
ate heatmap plots. The database for annotation, visualiza-
tion and integrated discovery (DAVID) v6.8 was used for
GO and pathway analysis.

Transfection and viral transduction

The XRN1-resistant reporter was generated from the pCI-
globin_ WT-xrRNA vector (Addgene). First, the CMV pro-
moter was replaced with the EF-la promoter, using the
Gibson assembly®) kit (NEB). Second, genomic sequences
(including the SUTR, CDS, intron and 3'UTR regions)
from the genes of interest were PCR amplified from ge-
nomic DNA and substituted for the B-globin ORF, using
the Gibson assembly® kit. Negative control versions of
these plasmids lacking the xrRNA-4H sequence were gener-
ated using the Q5® site-directed mutagenesis kit (NEB). All
insertions and deletions were verified by Sanger sequenc-
ing. Plasmids were transiently transfected using the Nucle-
ofector™ kit (Lonza), following the manufacturer’s instruc-
tions. pEF-globin_ WT-xrRNA was co-transfected into cells
as an internal control. qPCR detection of RNA turnover
was performed as previously described (41). Results were
from at least three independent replicates. Statistical signif-
icance was determined using the paired Student’s #-test.
The Ccnel-, Klf2- and Sox2-shRNA plasmids were
generated by inserting oligonucleotides corresponding
to siRNA sequences (Supplementary Table S3) into the
pLKO.1 cloning vector (Addgene). The Ccnel-, KIf2- and
Sox2 overexpression plasmids were generated by inserting
their CDSs into the pFUGW (Addgene) plasmid, using
the Gibson assembly® master mix (NEB). For lentiviral
transduction, 1 infectious unit (IU) of lentivirus per cell
was added with 6 wg/ml polybrene, as described previ-
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ously (37,42). Results were from at least three independent
replicates. Statistical significance was determined using the
paired Student’s 7-test.

qRT-PCR analysis

Total cellular RNA was isolated using TR1zol (Invitrogen),
as previously described (43). Quantitative reverse transcrip-
tion (QRT)-PCR analysis was performed using 1 p.g of total
cellular RNA using the iScript™ ¢cDNA synthesis kit (Bio-
Rad), followed by PCR amplification using SYBR Green
(Bio-Rad) (44) and the A ACt method (with ribosomal L19
for normalization). The primers used are listed in Supple-
mentary Table S3. Results were from at least three indepen-
dent replicates. Statistical significance was determined using
the paired Student’s ¢-test.

Immunofluorescence analysis

Immunofluorescence analysis was performed as previously
described (7,45,46). The primary antibodies used were as
follows: anti-Nanog (eBioscience), anti-DNMT3B (Novus
Biologicals), anti-PRDM]1 (Novus Biologicals), and anti-
NANOS3 (Proteintech). The secondary antibodies used
were as follows: Alexa Fluor 488 anti-rat or rabbit IgG,
Alexa Fluor 568 anti-rabbit, or -mouse [gG (Thermo Fisher
Scientific). The nuclei were counterstained with DAPI (Vec-
tor Laboratories), a coverslip was placed over the sections
with mounting medium, and the images were viewed us-
ing a Leica DM14000 B fluorescence microscope. Quantifi-
cation of immunofluorescence signal was performed using
NIH Imagel (1.8.0), as previously described (47).

RESULTS
Steady-state mRNA kinetics during PGCLC specification

To identify genes transcriptionally and  post-
transcriptionally regulated during the process of PGC
specification from pluripotent cells, we used the PGCLC
differentiation system described in the Introduction. In
this system (7), ESCs are first differentiated into EpiLCs
(a developmental transition that we refer to as ‘T1’) and
then these EpiLCs are cultured under conditions to differ-
entiate them into PGCLCs (termed the “T2’ developmental
transition) (Figure 1B and Supplementary Figure S1A).
We pulse-treated cells from these stages with s*U and then
analyzed the RNA using SLAMseq analysis (Figure 1B
and Supplementary Figure S1B), which detects both newly
synthesized and steady-state transcripts genome-wide (34).
Several parameters were measured to assess SLAMseq
data quality: (i) the average number of reads per sample
ranged from ~80 to 94 million, which is more than suf-
ficient to detect transcriptome alterations; (ii) the main
conversion of the labelled RNA in response to IAA treat-
ment was thymine-to-cytosine (T > C) (Supplementary
Figure S2), as expected given that s*U is converted to a
cytosine analog via alkylation (34); (iii) comparison with
the negative control (-IAA) demonstrated that s*U was
efficiently incorporated into the samples (~3-4% vs < 0.1%
background incorporation; Supplementary Figure S2); (iv)
genes encoding pluripotency factors (Sox2 and Nanog),
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Epiblast markers (Fgf5 and Dnmt3b), and PGC markers
(Prdml, Prdml4, Nanos3 and Dndl), exhibited expression
patterns in the 3 stages similar as previously described
(Figure 1C, Supplementary Table S1) (7); and (v) principal
component analysis (PCA) of triplicate replicates of both
steady-state (SS) RNAs and newly synthesized (TU) RNAs
exhibited high overlap within groups but clear segregation
among different cell types and RNA categories (Figure
1D).

We first used these SLAMseq datasets to define tran-
scripts that undergo statistically-significant shifts in szeady-
state level during the process of PGCLC specification. This
analysis identified 8565 differentially expressed transcripts
(DETs) between the ESC and EpiLC stages (the T1 tran-
sition), and 8028 DETs between the EpiLC and PGCLC
stages (the T2 transition) (¢ < 0.01, llog; FCI > 1; Figure
1E).

We combined these T1 and T2 datasets to allow us to
classify the regulated transcripts into eight categories (Fig-
ure 1F, G and Supplementary Table S1). Category 1 (C1)
are transcripts upregulated at both the T1 and T2 stages.
Among them, LhxlI, Sox9, Tgif2, Dactl, Fgfr2 and Tdrd5
have previously been shown to have essential roles in early
germ layer specification in vivo (48-53). C2 transcripts are
enriched at the EpiLLC stage as a result of being upregulated
and downregulated at the T1 and T2 transitions, respec-
tively. C2 transcripts encode proteins enriched for functions
in the Wnt, Notch and MAPK signaling pathways (Supple-
mentary Table S1). C3 transcripts exhibit a biphasic expres-
sion pattern, with peak expression in ESCs and PGCLCs,
and low expression in EpiLCs. Among the C3 transcripts is
Prdm1i4, which encodes a TF essential for the establishment
of the germ cell lineage in mice (54). C3 transcripts also en-
code proteins enriched for functions in the ‘signaling path-
ways regulating pluripotency of stem cells’, including the
Jak-STAT and Hippo signaling pathways (Supplementary
Table S1). C4 transcripts are downregulated at both the T1
and T2 transitions, and thus are highly expressed in ESCs.
Among C4 transcripts is Fsz, which encodes a TGFpB su-
perfamily member that serves as an activin antagonist (55),
and thus may repress ESC differentiation into PGCs, as Ac-
tivin A is known to be crucial for PGCLC formation (56).
C5 transcripts are upregulated during the T1 transition and
thus are maximally expressed in EpiLCs and/or PGCLCs.
C5 transcripts encode proteins enriched for functions in the
FoxO, Ras, and estrogen signaling pathways (Supplemen-
tary Table S1). C6 transcripts are downregulated during
the T1 transition and thus are candidates to be involved in
promoting pluripotency. C6 transcripts encode proteins en-
riched for functions in metabolic pathways and the PI3K-
Akt signaling pathway (Supplementary Table S1). C7 tran-
scripts are upregulated during the T2 transition and thus are
candidates to specifically be involved in PGCLC specifica-
tion. C7 transcripts are enriched for proteins involved in the
Wnt and TGF signaling pathways (Supplementary Table
S1), consistent with the evidence that these pathways are re-
quired for PGC specification (57,58). Finally, C8 transcripts
are downregulated during the T2 transition and thus are
candidates to repress PGC specification. C8 transcripts en-
code proteins involved in the pentose phosphate, glucagon,

ErbB, and thyroid hormone signaling pathways (Supple-
mentary Table S1).

Figure 1H shows biological functions statistically en-
riched in these eight different classes of mRNAs. Some
commonalities between classes were observed. For exam-
ple, C1 and C4 are both enriched in ‘epithelial to mes-
enchymal transition,” ‘post-embryonic development,” ‘sig-
nal transduction,” and ‘catabolism’ functions. While C1 and
C4 are maximally expressed in different stages (PGCLCs
and ESCs, respectively), they are both regulated at both the
T1 and T2 transitions (Figure 1G), and thus most of the
genes in these classes are strongly differentially expressed
in ESCs vs. PGCLCs. Since they are oppositely regulated,
C1 and C4 are good candidates to encode proteins that op-
pose each other during PGC differentiation. Similarly, C2
and C3, which are composed of mRNAs regulated in the
opposite manner during the T1 and T2 stages (Figure 1G),
are both enriched for some of the same functions: ‘develop-
mental processes,” ‘cell differentiation,” ‘transcription,” and
‘cell migration.” We conclude that PGC specification in vitro
is characterized by differentially expression of thousands
of mRNAs encoding proteins enriched in specific signaling
pathways and functions related to differentiation and devel-
opment.

Detection of hundreds of transcriptionally-regulated genes,
not detectable by RNAseq analysis, during PGCLC specifi-
cation

While widely used, RNAseq analysis has major limita-
tions for detecting shifts in the rate of transcription. First,
RNAseq analysis measures steady-state RNA level, which
is dictated not only by transcription rate but also RNA
turnover rate. Thus, alterations in gene expression observed
by RNAseq can be due to alterations in mRNA stability,
not transcription rate. Second, changes in transcription can
be obscured by alterations in mRNA stability. For example,
if a gene is transcriptionally induced but its encoded mRNA
is stabilized, the latter can mask detecting the former. Third,
rapid shifts in transcription rate (whether up or down) can
be masked by the mass of mRNA present before the tran-
scription rate shift. Thus, it is critical to directly measure
transcription rates, which we did using SLAMseq analysis
(34).

SLAMseq analysis identified hundreds of genes under-
going significant changes in transcription rate between the
ESC and EpiLC stages (4039 and 4119 transcripts are up-
regulated and downregulated, respectively) (Figure 2A),
and between the EpiLC and PGCLC stages (3299 and
2972 transcripts are upregulated and downregulated, re-
spectively) (Figure 2B). Genes undergoing transcriptional
upregulation vs. downregulation at each of these two tran-
sitions are enriched for different signaling pathways and
biological processes (Figure 2A, B). Comparison of this
SLAMseq dataset with the conventional RNAseq analysis
dataset revealed 3644 transcripts that are differentially tran-
scribed (TU) but whose steady-state (SS) levels are not sig-
nificantly changed between the ESC and EpiLC stages (Fig-
ure 2C). Similarly, for the transition between the EpiLC
and PGCLC stages, 2965 transcripts are differentially tran-
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Figure 2. Transcriptionally-regulated genes. (A) Left, transcripts undergoing different rates of transcription between mESCs with EpiLCs (¢ < 0.01,
llogo FCI > 0.5). Three biological replicates from each are shown. Right, most enriched signaling pathways, with P value shown. (B) Left, transcripts
undergoing different rates of transcription between EpiLCs and PGCLCs, determined as in panel (A). Right, most enriched signaling pathways, with P
value shown. (C) Overlap of transcripts undergoing changes in steady-state level (SS) and transcription rate (TU). Up, upregulated; down, downregulated.
(D) Most enriched gene ontology (GO) biological function terms for the transcript classes defined in panel (C).
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scribed without a significant change in their steady-state
mRNA level (Figure 2C). Thus, this analysis revealed hun-
dreds of genes undergoing transcriptional regulation not
detected by RNAseq analysis, thus supported our con-
tention (above) that SLAMseq analysis is a more sensitive
measure of transcriptional shifts than RNAseq analysis.

GO analysis showed that transcripts whose regulation
is exerted at the steady-state RNA versus the transcrip-
tional level are associated with different biological func-
tion terms (Figure 2D). Transcripts only detectably regu-
lated at the steady-state level tend to encode proteins in-
volved in cellular and system developmental processes. In
contrast, transcripts only detectably regulated by changes
in transcription rate encode proteins involved in metabolic
processes, protein modifications, and translation. This indi-
cates that analysis of transcription rates is critical for uncov-
ering the full spectrum of biological functions impacted by
development.

The impact of regulated RNA turnover on gene expression
during PGC specification

If transcriptional regulation is the major force driving shifts
in gene expression during PGC specification, this predicts
that most mRNAs undergoing a shift in steady-state level
would exhibit a parallel shift in transcription rate. Incon-
sistent with this model, only ~half of DETs exhibit a
shift in transcription rate (Figure 2C). For example, of
the 4039 transcripts upregulated at the steady-state level
at T1 (SS_up) only 2049 are transcriptionally upregulated
(TU_up) (~50%). Of the 4699 transcripts upregulated at T2,
only 1850 are transcriptionally upregulated (~39%). Simi-
lar values were observed for transcripts downregulated at
T1 and T2 (Figure 2C).

This raised the possibility that shifts in RNA turnover
is another important parameter that alters steady-state
mRNA levels during PGC specification. To address this, we
used SLAMseq analysis to infer RNA turnover rates, using
the approach described previously (39). This revealed that
2390 and 2112 transcripts are stabilized and destabilized, re-
spectively, as ESCs transition to the EpiLC stage; and 1326
and 1155 transcripts are stabilized and destabilized, respec-
tively, as EpiLCs transition to the PGCLC stage. This in-
dicated that regulated RNA turnover is a significant a con-
tributor to regulation of gene expression during PGC spec-
ification.

Analysis of the RNA turnover rate of all detectably ex-
pressed transcripts revealed that global RNA turnover rate
progressively decreases during the ESC-EpiLC-PGCLC
differentiation process (P < 0.0001; Figure 3A). Thus, tran-
scripts (as a group) tend to be unstable in ESCs and then
become progressively stabilized as ESCs transition to form
EpiLCs and then PGCLCs.

To gain insight into the respective roles of RNA turnover
and transcription in regulating gene expression during PG-
CLC specification, we segregated all expressed transcripts
into six different classes (Figure 3B, C). Analysis of these
classes revealed three distinct roles for RNA turnover dur-
ing PGC specification. One role of RNA turnover is to drive
gene expression. For example, transcripts that are upregu-
lated (at the steady-state level) but do not exhibit a signifi-

cant change in transcription (‘up/-’ transcripts) were found
to be stabilized as a group during both the T1 and T2 tran-
sitions (upward arrow in Figure 3B, C, respectively). Con-
versely, downregulated transcripts with no change in tran-
scription (‘down/-") were found to be destabilized as a group
during the T1 transition (downward arrow in Figure 3B).

A second role of RNA turnover is to collaborate with
transcription to alter steady-state mRNA levels. In partic-
ular, we found that mRNAs transcriptionally upregulated
at the T2 transition whose steady-state levels are increased
(‘up/up’) are also stabilized as a group (Figure 3C).

A third role of RNA turnover is to antagonize tran-
scription. Surprisingly, this appeared to be a common role
for RNA turnover. For example, all four classes of tran-
scripts with altered transcription rate during the T1 transi-
tion (‘up/up,” ‘down/down,” ‘-/up,” and ‘-/down’) exhibited
an opposite pattern of RNA stabilization (Figure 3B). This
raises the possibility that RNA turnover mechanisms are
widely employed to dampen the effects of transcriptional
changes. Interestingly, RNA turnover and transcription are
also opposed for transcripts that are not statistically altered
in steady-state level; e.g. the *-/down’ class from both the T1
and T2 transitions displayed this regulation (Figure 3B, C,
respectively). This suggests that maintenance (no change) of
gene expression during development is not always achieved
by invariant transcription and RNA turnover rates. Instead,
steady-state mRNA levels are often kept constant by shift-
ing transcription and RNA turnover rates in an antagonis-
tic manner that results in no net change in mRNA level. In
the Discussion, we speculate on the selection pressures act-
ing over evolutionary time that may be responsible for this
‘driving simultaneously with the gas and brakes’ pattern of
expression.

Considering that RNA-binding proteins (RBPs) exert
important roles in regulating RNA stability (59), we de-
termined which RBPs exhibit regulated expression during
the T1 and T2 transitions. Of 2889 known RBP genes (60),
we found that 256 and 230 are significantly up- and down-
regulated, respectively, during the ESC-to-EpiLC transi-
tion; and 229 and 258 RBP genes are significantly up- and
down-regulated, respectively, during the EpiLC-to-PGCLC
transition (¢ < 0.01, llog, FCI > 1; Supplementary Table S2).
These differentially regulated RBPs are candidates to be re-
sponsible for the shifts in RNA stability of specific tran-
scripts during the process of PGCLC specification.

Transcripts regulated by transcription, RNA turnover, or
both

We next segregated individual transcripts into different
group, depending on their pattern of expression (Figure 4).
The group with most members is transcripts undergoing
changes in steady-state level that are undergoing a statisti-
cally significant change in transcription rate, but not RNA
turnover rate. We identified a total of 5281 transcripts in
this class (1608, 1962, 1518 and 1268 transcripts upregu-
lated in T1, downregulated in T1, upregulated in T2, and
downregulated in T2, respectively; Figure 4A, C, E and
G). The large number of transcripts in this class verifies
the dogma that transcription plays a major role in regulat-
ing gene expression in biological processes (see Discussion).
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Nonetheless, we also identified 348 transcripts with statisti-
cally significant regulation by RNA turnover and not tran-
scription (115, 112, 56 and 80 transcripts whose steady-state
levels are upregulated in T1, downregulated in T1, upreg-
ulated in T2, and downregulated in T2, respectively; Fig-
ure 4A, C, E and G). The role of RNA turnover also ex-
tends to transcripts regulated by both RNA turnover and
transcription. We identified a total of 187 transcripts in this
class (43, 87, 45 and 31 transcripts whose steady-state lev-
els are upregulated in T1, downregulated in T1, upregulated
in T2, and downregulated in T2, respectively; Figure 4A,
C, E, and G). We also found a surprisingly large number
of transcripts—1128—are regulated by transcription and
RNA turnover in an opposing manner. For example, 398
and 287 transcripts upregulated in T1 and T2, respectively,
exhibit increased transcription associated with RNA desta-
bilization (Figure 4A, E); 411 and 157 transcripts downreg-
ulated in T1 and T2, respectively, exhibit decreased tran-
scription associated with RNA stabilization (Figure 4C, G).
In total, 6273 transcripts undergo a shift in transcription

rate and 1639 transcripts undergo a shift in RNA turnover
rate during the T1 and T2 transitions.

Figure 4 displays these regulated transcripts segregated
into 4 groups, based on their being up- versus down-
regulated at the steady-state level at the T1 or T2 transi-
tion. This reveals different strategies employed by different
sets of genes to achieve up- and downregulation. Below we
highlight specific genes and gene categories that use these
different regulatory strategies during the process of PGC
specification:

o mRNAs upregulated during the ESC-to-Epil.C transition
(Figure 1 E). mRNAs upregulated as a result of increased
transcription but not a change in RNA turnover rate
(Figure 4A) include well-established post-implantation
epiblast markers, such as Dnmt3b, Fgf5, Otx2, Pou3fl
(Oct6) and Zic2 (61,62) (Figure 4B). mRNAs instead
upregulated as a result of stabilization, not increased
transcription (Figure 4A), include Kdm4c (Jmjd2c) and
Tcf711 (Figure 4B), which have roles in ESC self-renewal
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Figure 4. Transcripts stratified by whether they are up- or down-regulated at the steady-state level at the T1 and T2 transitions. (A, C, E and G) The number
of up and down-regulated transcripts exhibiting changes in transcription (TU) and RNA turnover (Rd) during the T1 and T2 transitions. Numbers in blue
refer to transcripts regulated by RNA turnover and/or transcription whose steady-state levels change in the same direction. (B, D, F and H) Representative
transcripts showing their changes in synthesis, turnover rate, and steady-state level at the stages indicated.

(63) and pluripotent cell lineage specification (64), re-
spectively. mRNAs that are both stabilized and transcrip-
tionally upregulated are involved in several processes, in-
cluding cell-cell adhesion (Larpl, Cgn and Prdx6) and
the Wnt pathway (Ccnel, Nxn and Tcf711). Upregu-
lated mRNAs oppositely regulated by transcription and
RNA turnover (Figure 4A) encode proteins involved
with system development, cell differentiation, signal
transduction, and cell communication (Supplementary
Table S2).

e mRNAs downregulated during the ESC-to-EpilLC transi-

tion (Figure 1E). Transcriptionally downregulated mR-
NAs with no change in RNA turnover rate (Figure
4C) are involved in processes such as cell migration,
cell motility, cell morphogenesis, and intracellular sig-
nal transduction. mRNAs downregulated by destabiliza-
tion, but not decreased transcription, are involved in
metal metabolism and detoxification (Mt¢/ and Mz2)
(Figure 4D), as well as transcriptional regulation, RNA
metabolism, and signal transduction. nRNAs both tran-



scriptionally downregulated and destabilized are associ-
ated with stemness (KIf10, KIf4, Sox2, Hesl and Hmga?),
cell-cycle arrest (Cdknla, Cdknib and Kmt2e), and cell
proliferation (KIf5, Thx3 and Pdgfa) (Figure 4D, Sup-
plementary Table S2). Some downregulated mRNAs are
oppositely regulated by transcription and RNA turnover,
including Prdmi4 (Supplementary Table S2), an essential
factor for PGC specification (54).

o mRNAs upregulated during the EpilL.C-to-PGCLC tran-
sition (Figure 1E). Transcriptionally upregulated mR-
NAs not altered in stability (Figure 4E) are involved
in signaling pathways regulating pluripotency, germ cell
development, cell differentiation, and cell migration.
mRNAs upregulated by RNA turnover, not transcrip-
tion (Figure 4E) are involved in embryonic development
(Tead4, DIkl, DIx2, Keapl and Kif3a), signal transduc-
tion (Bambi, Anksl and Plaur), and cell differentiation
(Caszl, Cfl2 and Tnfrsf12a) (Figure 4F, Supplementary
Table S2). mRNAs both stabilized and transcription-
ally upregulated are involved in regulation of apoptosis
(Cdknlb, Cyr61, Hmgn5, Lefty2 and Mtchl) and embry-
onic development (Sox2, Thx3, Fgfr2, Krt§ and Tgfb2)
(Supplementary Table S2). mRNAs upregulated through
increased transcription rate despite being destabilized
(Figure 4E) encode proteins involved with signal trans-
duction, tissue morphogenesis, and epithelium develop-
ment.

o mRNAs downregulated during the EpiL.C-to-PGCLC tran-
sition ( Figure 1 E). Transcriptionally downregulated mR -
NAs undergoing no change in RNA turnover rate (Fig-
ure 4G) are involved in transcriptional regulation, DNA
methylation, metabolic process, and stem cell differen-
tiation. mRNAs downregulated through destabilization,
not decreased transcription (Figure 4G) are involved in
cell differentiation (Ccnel, E2f4, Ifrdl, Lrrcl7, Ovol2 and
Tfe3) and cell development (Cdhl, Cfll, Enpp2 and
Zmynd8) (Figure 4H, Supplementary Table S2). mRNAs
that are both transcriptional downregulated and destabi-
lized are associated with intracellular signal transduction
(Atf4, Lmnbl, Pim2 and Tdgf1) and RNA metabolic pro-
cess (Bend3, Ddx21, Dpy30 and Topl) (Supplementary
Table S2). mRNAs downregulated through decreased
transcription rate despite being stabilized (Figure 4G) en-
code proteins involved with transcriptional regulation,
multicellular organism development, cell differentiation,
and covalent chromatin modifications.

Regulated RNA turnover is critical for PGCLC specification

The finding that RNA turnover regulation is responsible for
altered steady-state levels of hundreds of transcripts during
PGC specification (some of the blue values labelled in Fig-
ure 4A, C, E and G) raised the possibility that regulation
of RNA turnover is physiologically important for this de-
velopmental event. To address this, we elected to focus on
the 39 transcripts whose stability is changed at both the T1
and T2 transitions (Figure 5A). Of these 39 transcripts, 22
are stabilized at the T1 stage and then destabilized at the T2
stage; and 17 are destabilized at the T1 stage and then sta-
bilized at the T2 stage. These 39 transcripts are expressed
from 22 genes and encode proteins involved in reproductive
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system development (Sox2, Thx3 and Krt8), regulation of
cell cycle (Ccnel, Cdknlb and Tex14), and cell differentia-
tion (KIf2, Lefty2, Slc25a4 and ZmyndS). We selected three
of these genes—Ccnel, KIf2 and Sox2—for functional anal-
ysis because they have been implicated in regulatory net-
works in pluripotent cells, which have many characteristics
in common with germ cells (65). Sox2 maintains ESCs in
a pluripotent state through regulation of Oct3 /4 expression
(66); Ccnel exerts key roles in balancing pluripotency and
differentiation of ESCs, as well as hematopoietic stem cells
(67,68); while KIf2 functions to accelerate and enhance re-
version of mouse epiblast stem cells back to a naive pluripo-
tent state (69). With regard to PGCs, Sox2 has been shown
to be essential for the establishment and maintenance of
PGC:s in vivo (70). While the roles of KIf2 and Ccnel in PGC
specification are not known, K/f2 has been shown to be ex-
pressed during PGC specification in vivo (71), making it a
candidate to have role in this process.

Figure 5B shows the expression pattern of the transcripts
from these three genes in ESCs, EpiLCs and PGCLCs.
SLAMseq analysis indicated that Ccnel mRNA is tran-
siently destabilized during the T1 transition and then sta-
bilized during the T2 transition. Conversely, KIf2 and Sox2
mRNA are stabilized during the T1 transition and desta-
bilized in the T2 transition. To validate these expression
patterns, we adopted the reporter developed by Voigt et al.
(41), which contains XRN1-resistant RNA sequences (Xr-
RNASs) in the 3’UTR region of the vector to protect the en-
coded mRNA from 5'-3' exonucleolytic digestion (72) (Fig-
ure 5C). We cloned genomic sequences from Ccnel, Kif2,
and Sox2 (including SUTR, CDS, intron, and 3’'UTR re-
gions) just upstream of the xrRNA sequence in this vec-
tor (Figure 5D). We transiently transfected these constructs
into mESCs and assayed the expression of the turnover
intermediates at different time points after differentiation.
Turnover intermediates were specifically detected by ligat-
ing a RNA linker to the free monophosphate on the 5 end
of the turnover intermediates (Figure 5C). qPCR analysis
showed that Ccnel, Klf2 and Sox2 had the highest levels
of RNA turnover intermediates at precisely the same stages
that SLAMseq analysis demonstrated that these transcripts
were least stable (Figure SE). As an internal control, we co-
transfected a construct expressing B-globin mRNA (Figure
SE). We conclude that Ccnel, KIf2, and Sox2 all exhibit
regulated RNA turnover during both the ESC-EpiLC and
EpiLC-PGCLC transitions.

The functional importance of regulated RNA turnover of
specific mRNAs during development has rarely been previ-
ously tested. We examined whether the regulated turnover
of the 3 transcripts we selected above is functionally impor-
tant for PGC specification. To accomplish this, we disrupted
their RNA turnover regulation by knocking them down or
force expressing them at the stage when they normally un-
dergo regulated RNA turnover.

In the case of Ccnel mRNA, we tested the importance of
its stabilization during the ESC-to-EpiLC transition (Fig-
ure 5B) by knocking it down in ESCs. This knockdown
largely extinguished the downregulation of pluripotency
genes (KIf4 and Nanog), and it reduced the upregulation of
the epiblast-marker genes (Fgf5 and Dnmt3b) (Figure 6A,
B). Together, this suggests that the differentiation of ESCs
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into EpiLCs is greatly perturbed when the stabilization of
Ccnel mRNA during the ESC-to-EpiLC transition is pre-
vented.

Conversely, Ccnel mRNA is destabilized when EpiLCs
are differentiated to form PGCLCs (Figure 5B). To func-
tionally test the importance of this destabilization event,
we force expressed Ccnel in EpiLCs and found that this
reduced the expression of PGCLC-marker genes (Figure
6C, D and Supplementary Figure S3), indicative of lower
PGCLC generation efficiency, which we verified by FACS
analysis (Figure 6F). Together, these results indicate that
(1) the transient expression of Ccnel mRNA in EpilLCs is
conferred by stage-specific shifts in its turnover rate and (ii)
Ccnel RNA turnover regulation is critical for efficient PGC
specification.

In contrast with Ccnel, both KIf2 and Sox2 have a bi-
modal expression pattern, with high expression in ESCs
and PGCLCs, but not EpiLCs (Figure 5B). To deter-
mine whether the destabilization of these mRNAs during
the ESC-to-EpiLC transition is functionally important, we
force expressed K/f2 and Sox2 in ESCs incubated under
conditions that normally generates EpiLCs. This largely

prevented the downregulation of pluripotency genes (K/f4
and Nanog), and curtailed the upregulation of epiblast
marker genes (Fgf5 and Dnmt3b) (Figure 6A, B). This data
indicated that the downregulation of both K/f2 and Sox2
mRNA are critical for efficient formation of EpiLCs from
ESCs.

To determine whether the stabilization of these mR-
NAs during the EpiLC-to-PGCLC transition (Figure 5B)
is functionally important, we knocked down Sox2 and Kif2
in EpiLCs incubated under conditions that normally gen-
erates PGCLCs. Sox2 knockdown significantly reduced the
upregulation of PGCLC marker genes (Figure 6C, D), sug-
gesting that Sox2 mRNA must be upregulated for efficient
PGCLC generation. This was confirmed by FACS analy-
sis (Figure 6E). In contrast, K/f2 knockdown elicited only
a modest (non-statistically significant) decrease in PGCLC
marker upregulation, as compared to control (Ctrl) group
(Figure 6C, D). Accordingly, FACS analysis showed that
PGCLC generation frequency was only modestly reduced
(Figure 6E). One possible explanation for this modest ef-
fect is functional redundancy with other KLF factors, as
has been shown for KLF4 and KLFS5 (73).
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Figure 6. Regulated RNA turnover is critical for PGCLC specification. (A) The expression of the indicated genes (steady-state mRNA levels) during the
ESC-to-EpiLC transition, as determined by SLAMseq analysis. All values were normalized to expression in ESCs, which was given a value of ‘1.” (B)
qPCR analysis of EpiLCs induced from ESCs that were transduced at the ESC stage with the indicated shRNA vectors or expression vectors, respectively.
Ccnel-KD, Cenel shRNA; Ctrl-KD, negative control (scrambled) shRNA; Kif2-EV, Kif2-expression vector; Sox2-EV, Sox2-expression vector; Ctrl-EV,
empty expression vector. (C) The expression of the indicated genes (steady-state mRNA levels) during the EpiLC-to-PGCLC transition, as determined
by SLAMseq analysis. All values were normalized to expression in EpiLCs, which was given a value of ‘1.” (D) qPCR analysis of PGCLCs induced from
EpiLCs that were transduced at the EpiLC stage with the indicated shRNA vectors or expression vectors. Ccnel-EV, Ccnel-expression vector; Ctrl-EV,
empty expression vector; K/f2-KD, KIf2 shRNA; Sox2-KD, Sox2 shRNA; Ctrl-KD, negative control (scrambled) shRNA. Statistical significance for panels
B and D was determined using the Student’s ¢ test (n = 3). *P < 0.05. (E) FACS analysis of the proportion of PGCLCs generated under the indicated
conditions (defined in panel D). The cells were stained with an antibody against mouse ITGB3 conjugated to PE and an antibody against mouse SSEA1
conjugated to APC. Q2 contains the double-positive ITGB3* SSEA1*) PGCLCs (7).

Together, these results show that tight control of the sta-
bility of Ccnel, Sox2 and KIf2 transcripts is critical for de-
velopmental transitions required to generate PGCLCs.

DISCUSSION

Studies elucidating mechanisms driving development have
typically focused on transcriptional regulation. This has led
to a rich literature demonstrating roles for TFs and other
transcriptional regulators in specific developmental steps
(74,75). While transcriptional regulation is an intuitively
obvious way to change gene expression, regulation of RNA
turnover is an equally viable way to alter gene expression
and thus this mechanism also has the potential to both
influence and direct developmental events. Indeed, studies
have indicated that RNA turnover pathways have an impact
on many biological events, including some developmental

steps (22,76,77). However, the breadth and functional sig-
nificance of RNA turnover regulation remains largely un-
known.

To understand the roles of transcription and RNA
turnover in different biological scenarios, it is critical to
measure their relative rates genome-wide. Of the few stud-
ies that have performed such analyses, most found that
transcriptional regulation exerts a stronger overall effect
than RNA turnover regulation. For example, it was found
that ~40% and ~10% of the variance in protein expres-
sion in NIH-3T3 fibroblasts is explained by changes in
transcription rate and RNA decay rate, respectively (78).
More genes were found to be transcriptionally regulated
than mRNAs undergoing differential RNA turnover in
cytokine-activated human foreskin fibroblasts (79), den-
dritic cells treated with lipopolysaccharide (80,81), and en-
dothelial cells cultured under hypoxic conditions (82). How-
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ever, RNA stability regulation has been found to play a
dominant role in some biological scenarios. For example,
treatment of NIH-3T3 fibroblasts with the cytokine, inter-
feron, was found to trigger changes in steady-state mRNA
levels that correlated well with RNA half-life (83). Another
study observed that the majority of mRNAs upregulated
at the steady-state level in response to lipopolysaccharide
are also stabilized (84). This RNA stabilization response,
which was observed in bone marrow-derived monocytes,
was found to be temporally regulated and inducer specific
(84). Together, these studies demonstrate that both tran-
scription and RNA turnover are regulated in a variety of bi-
ological scenarios, but the relative importance of these two
pathways appears to depend on the biological context.

To our knowledge, no previous study has determined
genome-wide RNA synthesis and turnover rates in a devel-
opmental system. In the study herein, we examined tran-
scription and RNA turnover rates—genome-wide—during
the process of mouse PGC specification in vitro. Previous
studies on the topic of RNA turnover in PGCs have only
been conducted on isolated mRNAs in non-mammalian
species. For example, in fruit flies (Drosophila), the well-
known translational repressor, NANOS, was reported to
destabilize an mRNA of unknown function in PGCs (85).
In zebrafish (Danio), nanosl, Tdrd7 and Hub mRNA were
found to be selectively stabilized in PGCs relative to the
soma by virtue of the action of DEADEND, a protein se-
lectively expressed in the germline that represses the ac-
tion of the maternal mRNA silencer, miR-430 (30-32).
Tdrd7 mRNA has also been shown to be stabilized in ze-
brafish PGCs through the action of VASA, which was found
to promote 7Tdrd7 polyadenylation (86). In Japanese rice
fish (Oryzias), the stability of Dmrtl mRNA was inferred
(though observed changes in mRNA level) to be regulated
by two RNA-binding proteins (RBPs) that bind to the
Dmrtl 3'UTR (33). Generality was suggested by the find-
ing that the binding sites for these RBPs are conserved in
many species, coupled with the fact that Dmrtl is among
the most conserved TFs expressed in the germline (87).

Using SLAMseq analysis, we determined the full breadth
of RNA turnover regulation in developing mouse PGCs.
We identified 1639 transcripts that undergo a statistically
significant shift in RNA turnover rate during the process
of PGCLC specification. The vast majority of these tran-
scripts underwent a shift in RNA turnover rate at only one
of the two developmental steps we examined. Thus, our re-
sults indicate that RNA turnover regulation is highly stage
specific.

Our analysis also revealed that RNA turnover regula-
tion has different roles. One role is to serve as the primary
determinant driving the up- or down-regulation of mR-
NAs during the process of PGC specification. While a rel-
atively small number of mRNAs are in this class, they en-
code protein with known roles in ESC self-renewal (Kdm4c
[Jmjd2c)), pluripotent cell lineage specification (7¢f711), sig-
nal transduction (Bambi, Anksl, and Plaur), cell differ-
entiation (Caszl, Ccnel, Cfl2, E2f4, Ifrdl, Lrrcl7, Ovol2,
Tfe3 and Tnfrsf12a), embryonic development (7ead4, DIkl,
DIx2, Keapl and Kif3a), and cell development in general
(Cdhl, Cfll, Enpp2 and Zmynds). A second role for regu-
lated RNA turnover is to collaborate with transcriptional
regulation to elicit the up- or down-regulation of mRNAs.

This collaborative effort leads to the potential to drive a
more rapid increase or drop in the expression of proteins
than conferred by transcriptional regulation alone. We iden-
tified a diverse set of mRNAs in this class. A third role for
regulated RNA turnover is to oppose transcriptional regu-
lation. Surprisingly, we identified a large number of mR-
NAs regulated by this mechanism during PGC specifica-
tion. This was unexpected, as it seems counter-productive
for a cell to, for example, destabilize an mRNA that is being
transcriptionally induced. One explanation for this ‘drive
with the gas and brake’ regulatory scenario is it serves as a
feedback control mechanism to maintain gene expression.
Most shifts in transcription may be of no benefit to the
process of PGC specification; they may occur merely be-
cause the promoters and/or enhancers in such genes have
not been sculpted during evolution to avoid such regula-
tion. In such cases, RNA turnover may serve as a feedback
mechanism to prevent a deleterious change in steady-state
mRNA level. The converse situation is also possible: shifts
in RNA turnover may be opposed by transcriptional feed-
back control. Both scenarios are supported by our data,
as we identified a large number of transcripts (1889) not
altered in steady-state level that exhibit opposing changes
in transcription rate and turnover rate during PGC speci-
fication. We also identified 1128 transcripts that do change
in steady-state level and are regulated in an opposite man-
ner by transcription and RNA turnover. In the vast major-
ity of these cases, the steady-state level change and tran-
scriptional change are in synch, while RNA turnover is
regulated in the opposite direction. Interestingly, many of
the mRNAs inversely regulated by transcription and RNA
turnover encode proteins involved in ‘negative regulation of
signal transduction’ and ‘negative regulation of cell com-
munication’. We speculate that some of these proteins are
involved in feedback regulation, and are, in turn, feedback
regulated themselves. Finally, we suggest that some mRNAs
exhibiting conflicting transcriptional and RNA turnover
regulation do so to maintain male germline genome fidelity.
This possibility follows from the evidence for a proofread-
ing mechanism operating in the male germline that pref-
erentially couples efficient DNA damage repair with high
transcription activity (88). This mechanism may lead to a
conflict, as the high levels of some proteins encoded by
highly transcribed genes would likely be detrimental to
the process of PGC specification. Increased RNA turnover
would resolve this conflict by reducing the expression of
such toxic proteins without interfering with the fidelity-
enhancing benefits of a high transcription rate.

If the regulated turnover of a given mRNA is physiolog-
ically important for a developmental process, this predicts
that perturbation of this regulation would perturb that de-
velopmental process. We elected to test this on three RNA
turnover-regulated transcripts identified from our SLAM-
seq analysis. One of these mRNAs—Ccnel—is transiently
expressed in EpiLCs by virtue of being stabilized during
the ESC-to-EpiL.C transition, and then destabilized dur-
ing the EpiLC-to-PGCLC transition. We found that crip-
pling either Ccnel mRNA stabilization or destabilization
(by Ccnel knockdown or overexpression, respectively, at the
appropriate stage) was sufficient to impair PGC specifica-
tion. These results demonstrated, for the first time, that (i)
Ccnel is important for PGC development (albeit in vitro)



and (ii) its regulation by RNA turnover is critical for Ccnel
to perform its developmental function. The other two mR-
NAs we tested—Sox2 and KIf2—have the inverse expres-
sion pattern of Ccnel: they are maximally expressed at the
ESC and PGCLC stages by virtue of being destabilized dur-
ing the ESC-to-EpiLC transition and stabilized during the
EpiLC-to-PGCLC transition. We tested the functional sig-
nificance of these shifts in RNA turnover and obtained ev-
idence that both shifts in Sox2 mRNA and at least one of
the two shifts in K/f2 mRNA are critical for normal PGC
specification. A caveat of our functional analysis is we only
manipulated the levels of Ccnel, Sox2, and KIf2 at the ESC
or EpiLC stages. In the future, it would be interesting to de-
fine in more detail when precisely these genes must be up-
or down-regulated for efficient PGC generation.

Our study also provides a resource for understanding
the role of transcription in the process of PGC specifica-
tion. In particular, SLAMseq analysis identified hundreds
of mRNAs regulated by transcription that were not de-
tectably altered at the steady-state mRNA level (i.e. de-
tected by RNAseq analysis). One likely class of such tran-
scripts is those derived from genes undergoing transient
shifts in transcription (89). In the future, it will be impor-
tant to test the functional role of these newly identified
transcriptionally-regulated genes in PGC development.

The logic behind regulation by transcription versus RNA
turnover remains to be resolved. An advantage of transcrip-
tional control is it is an energetically more favorably way
to induce gene expression than stabilizing an already tran-
scribed mRNA. However, transcription is known to require
much less energy than translation (24), and thus it is possi-
ble that there has been little or no selection pressure to pre-
vent transcription when not immediately needed. Indeed,
much of the genome is transcribed in higher eukaryotes
with little evidence that most of this is functional (90,91).
Thus, it is reasonable that RNA stabilization has become a
commonly employed alternative strategy to ‘turn on’ gene
expression. Conversely, RNA destabilization is likely to be
important for ‘turning off” gene expression because it al-
lows for rapid elimination of the protein product (when
coupled with rapid transcription shut-off and rapid protein
turnover). While rapid gene expression shut-off has been
shown to be important in some biological systems, such as
the immune response (92), its possible roles in developmen-
tal events, such as to confer precise temporal coordination,
remains largely untested.

Together, this study defined genome-wide rates of RNA
synthesis and turnover in developing PGCs. Our analyses
revealed different classes of genes whose levels are con-
trolled by transcription and RNA turnover in a temporally
regulated manner in distinct patterns during the process of
PGC specification. Through functional studies, we demon-
strated that RNA turnover regulation is critical for the pro-
cess of PGC specification.
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