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Summary

Many proteins that are needed for progression through S-phase are produced from transcripts that
peak in S-phase, linking temporal expression of those proteins to the time that they are required in
cell cycle. Here we explore the potential roles of long non-coding RNAs in cell cycle progression.
We used a sensitive click chemistry approach to isolate nascent RNAs in a human cell line, we
identified over 900 long non-coding RNASs (IncRNAs) whose synthesis peak during S-phase. Over
200 of these were long intergenic non-coding RNAs (lincRNAS) with S-phase specific expression.
We characterized three of these lincRNAs by knockdown and found that all three lincRNAs were
required for appropriate S-phase progression. We infer that non-coding RNAs are key regulatory
effectors during the cell cycle that act on distinct regulatory networks and herein we provide a
large catalogue of candidate cell cycle regulatory RNAs.

Introduction

Over 80% of the human genome is expressed as RNA (Consortium et al., 2012) yet less then
3% of the genome encodes for proteins (Bertone et al., 2004; Guttman et al., 2009;
Kapranov et al., 2007). The remaining non-coding transcripts represent a major fraction of
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the cellular RNA pool with functions yet to be discovered. One subgroup of these noncoding
transcripts is long non-coding RNAs (IncRNAs). LncRNAs are defined as 200 nucleotides or
longer transcripts with no or minimal protein coding potential. They contribute to regulation
via diverse molecular functions that include chromatin regulation (Pandey et al., 2008; K. C.
Wang et al., 2011), higher order chromatin organization (Engreitz et al., 2013; Giorgetti et
al., 2016; Hacisuleyman et al., 2014), genome stability (S. Lee et al., 2016), DNA repair
(Michelini et al., 2017), DNA modification (Frank et al., 2019), subcellular/nuclear
compartmentalization (Clemson et al., 2009; Sasaki, 2009; West et al., 2014), and mRNA
stability, modification and splicing (Kopp and Mendell, 2018; Ransohoff et al., 2018).

DNA replication occurs at various stages of S-phase, depending upon the locus involved,
and must generate daughter strands that have appropriate chromatin structure and regulatory
potential. It is well established that chromatin associated proteins are required for the tight
regulation of accurate replication of both the DNA and the associated chromatin structure
(Alabert and Groth, 2012; Budhavarapu et al., 2013; Probst et al., 2009). Given the
numerous possible roles for INcRNAs in regulation of chromatin-templated processes, we
reasoned that INcCRNAs might also play key roles in S-phase. The mRNA of the proteins
important to S-phase transition and progression are tightly regulated and expressed at
specific points in S-phase, raising the possibility that non-coding RNAs important for this
process might also be transcribed specifically during S-phase.

Potential roles for IncRNAs in cell cycle progression have been indicated previously. For
example, the well-studied and abundant long intergenic non-coding RNA (lincRNA)
MALAT1 functions in numerous settings including G1/S transition as well as mitotic
progression through p53 regulated checkpoint activation and alternative splicing of cell cycle
regulatory factors (Tripathi et al., 2013). A MYC regulated INcCRNA, CONCR, is highly
expressed in cancer cells and is required for proper cell cycle progression and sister
chromatid cohesion through the modulation of DNA helicase DDX11(Marchese et al.,
2016). In addition, non-coding RNAs have been implicated in maintenance of epigenetically
silenced regions in daughter cells in S. pombe (Verdel et al., 2004; Volpe et al., 2002) and
similarly, in mammals, intergenic spacer originated long non-coding RNAs are essential for
maintenance and inheritance of silent rDNA chromatin during the cell cycle (Guetg et al.,
2012; Mayer et al., 2006). A systematic identification of INCcRNAs that might be involved in
cell cycle progression has not been done, thus there is limited data concerning the frequency
of potential cell cycle regulatory RNA species. One hurdle in this analysis is that many
IncRNAs, including the subset of intergenic lincRNAs are expressed at low to moderate
levels in cells making detection difficult.

To identify InNcRNAs that are candidates for S-phase regulatory function we developed a
protocol to isolate nascent RNAs that are expressed during S-phase. We reasoned that
IncRNASs important to regulation during S-phase would have peak in expression at this stage
of the cell cycle, analogous to transcription of S-phase specific proteins that play role in cell
cycle progression. We focused subsequent analysis on the subgroup of long intergenic non-
coding RNAs, as the potential function of those non-coding RNAs can be assessed without
the complexities introduced by an overlapping or nearby protein coding gene. Herein, we
identified 909 nuclear enriched IncRNAs that peaked during S-phase, of which 229 were
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lincRNAs. RNA-sequencing (RNA-seq), LNA knockdown and flow cytometry were used to
characterize three of these lincRNAs for their impacts on cell cycle and gene expression.
These three lincRNAs are found to be frequently mutated in different cancers (“TCGA
Research Network,” n.d.). We found that each lincRNA is essential to traverse S-phase and
that depletion of each lincRNA resulted in perturbation of different cellular pathways in a
manner specific to each lincRNA. These results indicate that long non-coding RNAs that
have cell cycle specific expression are candidates for regulation of cell cycle progression and
that they have distinct functions. There are a large number of these RNAs, each expressed at
a specific time point in S-phase, that might facilitate the maintenance of gene expression
programs in human cells.

Nascent RNA profiles across S-phase of human cell cycle:

To examine whether some IncRNAs are enriched at specific stages of the cell cycle we
analyzed newly synthesized transcripts. We reasoned that IncRNAs meant to function at a
specific stage in cell cycle are likely to be expressed at that stage. Although on average
IncRNASs are less stable than protein coding RNAs, they can have a wide range of half-lives
(Clark et al., 2012). Hence detection of these INcRNAs is expected be more sensitive if
nascent transcripts are characterized.

We developed a protocol to label nascent RNAs at specific stages of the cell cycle in a
manner that allowed for their efficient isolation. To do this we used 5-ethynyl uridine (EU)
metabolic nascent RNA labeling. To isolate the EU-labeled RNAs genome-wide we
synthesized a multifunctional probe composed of an azido benzoin ester (ABE) and biotin,
which we refer as ABE-biotin (Figure 1A, Supp. Figure 1A). This probe can conjugate to
the EU-labeled RNA via a copper(l) catalyzed azide-alkyne cycloaddition (CuAAC) reaction
(often referred to as click chemistry) (Kolb et al., 2001). The RNA is then released through
photolysis by near-visible UV (350nm) irradiation (Supp. Figure 1B). This is an efficient
capture and release because ABE-biotin is stable to visible-light (400 — 750 nm) during
preparation of samples but undergoes rapid photocleavage when exposed to near visible UV
(at 350 nm) with a half-life of ca. 5 min (Supp. Figure 1C). Thus, photolysis of the samples
that were conjugated with ABE-biotin allowed efficient elution of the EU labelled molecules
from biotin-streptavidin beads. The materials non-specifically bound to the beads were not
released during the photocleavage based elution of specifically bound RNAs, which lowered
background and increased specificity (Supp. Figure 1D, E).

To identify RNAs expressed during S-phase we used an hTERT immortalized human retinal
pigment epithelium cell line, nTERT-RPEL. These are non-transformed near diploid cells
which can be synchronized at the G1/S border with high (>80%) efficiency when incubated
in medium containing mimosine for 22hrs. We tried several synchronization methods in
different cell lines and decided on mimosine as synchronization method in RPE1 cells, due
to the synchronization efficiency at G1/S and efficient S-phase progression after release.
After synchronizing cells at the G1/S border we replaced mimosine containing medium with
normal growth medium to release the cells from the block. We analyzed cells using FACS
analysis to show their progression in S-phase. We incubated cells with EU containing
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medium in five two-hour windows to isolate the nascent RNAs from each time window
(Figure 1A). We collected cells at release from G1 block (t0-2, labeled from 0 to 2hrs), in
early S-phase (t2-4), in early/mid S-phase (t4-6), in mid to late S-phase (t6-8), and in late
S-phase (t8-10) (Figure 1B). We sequenced nascent RNAs at each time point from duplicate
experiments and identified RNAs that showed averaged expression levels above
asynchronous expression levels at some time point during S-phase. To validate these data
further we compared these results to standard RNA seq of cells at the same time points in S
phase, thereby verifying that synthesis rates correlated with steady state levels (Supp. Figure
2A). From the nascent RNA data set we identified RNASs that each had at least a 1.5-fold
difference between their maximum and minimum average expression during S-phase,
indicating that they displayed dynamic expression during S-phase. This resulted in a list of
nearly 3000 mRNAs (Figure 1C) and over 900 long non-coding RNAs (see below). A more
stringent cutoff, a 2.0-fold change in at least one time point when comparing maxima to
minima, lowered the number of RNAs identified in each class (Supp. Figure 2B, C) but did
not change any of the conclusions that we reach. The majority of RNAs identified with
either cutoff showed a single time point during S-phase where they had their most significant
increase in expression (see groupings across time points in (Figure 1C and Supp. Figure 2B,
C). In the analysis described below we used the 1.5-fold cutoff as we wanted to be inclusive;
synchronization of cells across S-phase is not perfect which introduces noise that can
diminish fold differences.

To validate the methodology, we analyzed mMRNAs whose expression patterns across S-
phase are well studied. Consistent with the flow cytometry profile and the timing of
expression during specific phases of the cell cycle, the most enriched gene ontology (GO)
terms for the nascent mMRNAs that peaked during early/early-mid S-phase (t2—4 and t4-6)
were DNA-protein complex, histone core and nucleosome assembly. Cell cycle progression
and M phase specific genes predominated in the mRNASs enriched in mid/mid-late S-phase
(t6-8 and t8-10) (Supp. Figure 2D). The transcription kinetics of the genes that are known
to regulate the G1/S transition and S-phase progression, such as cyclin and cyclin dependent
kinase genes and histone gene clusters (Bertoli et al., 2013; Orlando et al., 2008; Zhao et al.,
2000) were as expected and provided further validation of our experimental approach
(Figure 1D).

Coordinated Expression Patterns of LhcRNAs Suggest Functional Roles in Cell Cycle

We identified 909 previously annotated nuclear IncRNAs that are differentially expressed
across the S-phase using a 1.5-fold cutoff (Supp. Fig Figure 2E). We classified S-phase
enriched IncRNAs by comparing them to mRNAs that had similar expression patterns and
identified three coordinated expression profiles of mMRNAs whose synthesis peaked at early,
mid and late S-phase. The first cluster was enriched with mRNAs involved in developmental
processes, the second in mMRNAs involved in DNA packaging and nucleosome assembly and
the third cluster was enriched for transcripts involved in M-phase and cell division (Figure
2A).

We chose to study three of these long non-coding RNAs in greater detail to test the
hypothesis that they might be needed for S-phase progression. To minimize the confounding
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effects resulting from perturbation of neighboring protein coding genes on IncRNA function
(Kopp and Mendell, 2018) we chose to study long intergenic lincRNAs. These were defined
in the Ensembl genome database as being at least 5 kb away from other coding or non-
coding gene classes, thereby excluding anti-sense and genic long non-coding RNAS. This
avoids complications that arise from perturbing neighboring and/or overlapping genes. We
restricted these analyses to the nuclear fraction of lincRNAs, as these have the potential to
regulate gene expression and chromatin structure during replication and shortly thereafter.
Of the 909 initially characterized IncRNAs we identified 229 lincRNAs that met our filtering
criteria (Figure 2B). Each had at least a 1.5-fold difference between the minima and maxima
of averaged expression across S-phase and most of these lincRNAs had a significant increase
at a specific time point during S-phase (Figure 2B, see also Supp. Figure 2C for more
stringent criteria in which we identified 112 lincRNAs that had significant peaks in both
replicates). Individual lincRNAs whose expression peaks at varying time points during S-
phase are shown in Figure 2C. We compare these newly identified S-phase lincRNAs with
previously characterized nuclear (XIST, MEG3, NEAT1 and MALAT1) and cytoplasmic
(NORAD) RNAS (S. Lee et al., 2016) for their expression timing and for whether the RNA
was more abundant in nuclear fractions or whole cell extracts. We queried the Cancer
Genome Atlas (TCGA) database and found 68 of the S-phase specific nuclear lincRNAs
were included in that database and that 34 of the 68 were mutated or had copy number
variations in different cancers (Supp. Fig 2F, Supp. Table 1).

To further validate this set of lincRNAs are bona fide S-phase transcripts we asked whether
they shared promoter elements known to be involved in regulating S-phase specific
transcription of mMRNA genes. We queried promoter element enrichment within 1200 base
pairs (bp) of the transcription start sites of the 229 nuclear enriched, S-phase lincRNAs
(1000bp upstream and 200bp downstream of TSS). This analysis identified several high-
confidence motifs (Figure 2D). The majority of the S-phase peaking lincRNAs had at least
one of these transcription-factor binding site motifs, including the three lincRNAs we
characterized further below, LINC00704, LUCAT1 and MIAT. Transcription factors with
binding sites matching these motifs have roles in DNA replication, DNA damage, cell cycle
regulation and mitogenesis (e.g. EGR1, several members of E2F transcription factor family,
SP1-4, TP53, GIF1 TEAD1&4). Also, multiple other transcription factors with roles in
growth and differentiation bind to these sequences, such as several members of the forkhead
transcription factor family, GRGHL2 (epithelial cell differentiation), MAF (lens fiber
differentiation), hormone receptors and retinoic acid regulated factors (Figure 2D). We
conclude that these lincRNASs share expression patterns and regulatory elements with
mRNAs important for the cell cycle.

LINCO00704, LUCAT1 and MIAT are Essential for Proper S-Phase Progression.

We chose three lincRNAs for further analysis, LINC00704, LUCAT1 and MIAT because
their upregulation in early S-phase was consistent with a potential role in the transition
through S-phase (Figure 3A). We focused on transcripts peaking early in S-phase because
MRNA transcripts expressed in late G1/early S phase encode proteins that regulate
commitment to cell cycle entry, DNA replication and downstream events (van der Meijden et
al., 2002). LINCO00704 and LUCAT1 were significantly upregulated within the first two
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hours after release into S-phase and MIAT was upregulated two to four hours after release
into S-phase. For these three RNAs, whole cell and nuclear nascent RNA pull-down
sequencing and qPCR analysis confirmed both transcriptional peak timing and subcellular
localization (Figure 3A, Supp. Figure 3A, B). We further verified that the peak of S-phase
expression for each of these lincRNAs was higher than expression seen in asynchronous
cells (Supp. Figure 3A). Each of the genic regions that encode these three RNAs were found
to have elevated levels of H3K27 acetylation and low levels of H3K4 monomethylation at
the transcription start sites, consistent with active expression (Supp. Figure 3C). To
determine whether these RNAs might encode protein products, we assessed their protein
coding potential using the CPC, which utilizes sequence alignment (Kong et al., 2007) and
CPAT which is an alignment-free algorithm that utilizes regression models of sequence
features (L. Wang et al., 2013). All three lincRNAs have no protein coding capacity
according to CPAT; while CPC suggested minimal coding capacity for MIAT.

We assessed the impact of depleting these lincRNAs on cell cycle progression. We targeted
each RNA of interest with LNA GapmeRs, utilizing locked antisense oligonucleotides
(ASOs) that degrade complementary RNA via a ribonuclease H based mechanism. We used
two different LNA GapmeRs for each lincRNA and achieved 45-90% reduction for each of
them. (Figure 3B). To test the requirement for each lincRNA, RPEL1 cells were transfected
with LNA GapmeRs for either 42 or 47 hours using the following protocol: Approximately
14 hours after transfection of asynchronous cells mimosine was added for 22 hours to block
the cells at G1/S border and then cells were released into S-phase for either 6 or 11 hours. In
these experiments MALAT1 depletion was used as a positive control, as this lincRNA has
previously been shown to be important in S-phase progression (Tripathi et al., 2013). Flow
cytometry analysis following depletion of LINC00704, LUCAT1 and MIAT showed that
each of these lincRNAs was necessary for normal progression through the cell cycle. The
extent of the effect varied depending on the lincRNA and the level of knockdown, however
each LNA showed significant delay of release into S-phase (Figure 3C; see remaining peaks
at G1 after 6 hours of release) and incomplete progression through S-phase (Figure 3C; see
11 hours-time points). Each knockdown had effects on cell cycle similar to knockdown of
MALAT1, revealing a role for all three lincRNAs in progression through the cell cycle
(Figure 3C). Quantification of the percentage of cells at each stage of progression showed
increased retention of cells in G1/0 and decreased numbers of cells traversing into G2/M
(Figure 3D). Progression failure was apparent at all stages of S-phase (G1/S transition, S-
phase and G2/M transition) but to different extents for each lincRNA depletion. These
findings were further supported by defects in proliferation upon knockdown of these RNAs
as measured by proliferation and cell viability measurements (Supp. Figure 3D).

Defects in traversing S-phase often correspond with differences in cyclin levels. We
measured cyclin levels by Western blot after lincRNA knockdown. Cell extracts were
prepared 10 hours after release into the cell cycle. Cyclin E1, which peaks at the G1/S
transition, was upregulated in LUCAT1 depleted cells, whereas LINC00704 and MIAT
depleted cells showed cyclin E1 levels similar to wild type cells (Figure 3E, Supp. Figure
3E). Cyclin A2 is expressed throughout S-phase with levels increasing towards late S-phase
(Lim and Kaldis, 2013). Consistent with the cell cycle defects observed in LINC00704and
MIAT knockdown cells, cyclin A2 levels were depleted in both cases. Surprisingly, Cyclin
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A2 was expressed at similar levels to wild type cells in LUCAT1 depleted cells despite a
clear S-phase progression defect. Two members of cyclin D that are expressed throughout
the cell cycle were also misregulated. Cyclin D1 was up regulated in MIAT and LUCAT1
depleted cells and cyclin D3 was upregulated only in LUCAT1 depleted cells, whereas they
were similar to wild type cell levels in LINC00704 knockdown (Figure 3E, Supp. Figure
3E).

We conclude that three of the lincRNAs that we have identified as being transcribed
primarily in S-phase are each necessary for efficient progression through S-phase. The
observation that these lincRNAs displayed differences in the manner in which they impact
cyclin expression, suggesting that they impact distinct regulatory programs, prompted us to
look more generally at their effects on gene expression during the cell cycle.

LINCO0704, LUCAT1 and MIAT Affect Different Transcriptional Programs

To dissect the differences in gene expression caused by the depletion of these three
lincRNAs we performed strand specific RNA sequencing at different time points during S-
phase following the knockdown of the each lincRNA. We studied time points early in S-
phase to increase the likelihood that the effects reflected a direct impact of the knockdowns
rather than on differences due to defects in cell cycle progression. We observed
transcriptome wide patterns that were reproducible across two replicates in each of the four
time points for each of the four knockdowns (Figure 4A, Supp. Figure 4A). The knockdowns
resulted in significant changes in the expression of approximately 2,000-3,000 genes
(depending on the time point) with LUCAT1, 1,000-2,000 genes with MIAT and 500-1,500
genes with LINC00704 depletion. Genes were more frequently up-regulated with
LINC00704 or LUCAT1 knockdown and more frequently down-regulated, at the three early
time points, with MIAT knockdown.

To understand the impact of the depletion of each lincRNA on cell cycle progression we
filtered the genes that show >1.5-fold change in expression level in at least one time point
during S-phase in control cells (Figure 4B; left panels). These genes were clustered genes
according to the time point of maximal expression (Figure 4B; similar conclusions were
reached with a 2-fold cutoff, Supp. Figure 4B). We then compared the expression profiles of
these S-phase regulated genes in control cells with the expression profiles of the same genes
following lincRNA knockdowns. We observed significant differences for each of the
different knockdowns (Figure 4B; right panels). The S0 point of each knockdown showed
some differences with the control LNA, consistent with the observation (see below) that
each of these lincRNAs impacts growth and gene expression in wild type cells. Each of the
knockdowns showed greater changes with the control as the cells progressed through S-
phase (Figure 4B; compare left panels with right panels). The patterns of gene expression
changes were distinct for each knockdown, a finding we explored in more detail by
examining genes that were uniquely regulated by each knockdown.

We identified sets of differentially regulated genes that showed at least a 1.5-fold change in
expression compared to control and that were unique to each lincRNA knockdown (Fig. 4C).
For MIAT knockdown at the 6-hour time point and for LUCAT1 knockdown at all time
points, most of the significantly regulated genes were unique to each knockdown (Supp. Fig.
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4C). A lesser, but still large, number of expression changes by LINC00704 knockdown were
unique to that knockdown. LUCAT1 knockdown produced the largest effect at time point
S2, whereas MIAT knockdown produced the largest number at time point at S6, timing that
reflects the expression of LUCAT1 in the 0—2hour window and MIAT in the 2—4hour
window of S-phase. Gene ontology (GO) analysis further supported a distinct impact of each
knockdown on gene expression patterns (Figure 4D).

We infer, based upon these analyses that each lincRNA plays a specific role in S-phase
progression. We conclude that knockdown of the three lincRNAs all differed from each
other in substantive ways: Distinct genes were regulated, and the timing of these effects was
different for each lincRNA.

Each of the analyses above was done with a protocol that used a mimosine block to generate
synchronized cells, raising the possibility that the effects of the lincRNA knockdowns were
specific to mimosine function and would not be seen in normally growing cells. We
therefore examined the impact of lincRNA knockdown on normally growing asynchronous
cells. Cells were treated with LNASs for 44 hours under normal growth conditions and RNA
was extracted, ribosomal RNA depleted and strand specific RNA seq was performed. We
measured the changes in expression between control LNA treated cells and lincRNA specific
LNA treated cells in the asynchronous population. We then compared the expression of all
RNAs in these asynchronous data sets with the average change of all RNAs across S phase
in the mimosine treated cells for each lincRNA knockdown (Supp. Fig. 4D). We found good
correlation indicating that lincRNA depletion impacted a similar gene set in normally
growing cells. We also found good correlation of GO terms when genes uniquely regulated
by each knockdown were compare between asynchronous data sets and mimosine treated
data sets (compare Fig. 4D and Supp. Table 2) To further examine whether any effects were
specific to mimosine, we transfected cells with LNAs and added TN-16 (3-[1-
(Phenylamino)ethylidene]-5-(phenylmethyl)-2,4-pyrrolidinedione), a synthetic compound
that interacts with and inhibits microtubules to synchronize cells at M-phase (Tatsumi et al.,
2003). We then determined how efficiently these cells synchronized in M phase, because if
depletion of a lincRNA blocked S phase progression then the cell would not progress to M
phase. The wild type cells and control LNA transfected cells synchronized in M-phase with
about 71 and 67% efficiency, respectively, while only about 15-18% were at G1/early S-
phase. Cells depleted for one of the three lincRNAS synchronized in M phase less
efficiently, varying from 35% to 55% depending on the specific LNA, and had more cells
stuck in G1/early S with between 31% and 52% (Supp. Fig. 4D).

Genes dis-regulated by knockdown of each lincRNA

LINC00704 upregulation has been reported in cervical cancer (Ojesina et al., 2013) and has
been associated with breast cancer recurrence (H. Liu et al., 2016). In RPE1 cells,
LINC00704 depletion caused downregulation of genes associated with lipid metabolism,
vesicular transport and membrane associated factors such as DECR1, SLC30A5 and EMD.
In addition, RNA metabolism and RNA export related genes such as MED1, ENDOD1 and
MAGOH were down regulated; while several noncoding RNAs particularly lincRNA and
rRNA genes were up regulated. Examples of temporal dynamics of differentially regulated
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genes in knockdowns and control cells are shown as line plots of expression values and
genomic tracks of the time points (Figure 4E). We conclude that LINC00704 is likely to be
involved in both gene activation and repression, and that its most abundant targets are not
directly related to cell cycle progression.

LUCAT1 was first identified as an elevated non-coding transcript in numerous lung cancer
cell lines (Thai et al., 2013). Depletion of LUCAT1 in RPE1 cells resulted in up-regulation
of genes that encode parts of the general transcription machinery (e.g. TFIID components
TAF13, TAF7) and transcription factors (e.g. many members of FOX and TEAD family
transcription factors). Several members of DDX family RNA helicases, RNA binding
proteins (e.g. RBMs), other RNA and non-coding RNA metabolism, splicing and RNA
modification related genes (e.g. SLBP, AGO2, DICER1) were also upregulated. Consistent
with the observed cell cycle progression defect phenotype upon LUCAT1 depletion several
proliferation and growth signaling related genes were down regulated (e.g. PDGFRB,
PDGFB). More significantly, comparing the LUCAT1 knockdown to the other two lincRNA
knockdowns, we identified specific downregulation of several actin/actin organization and
cytoskeleton organization related genes, collagens and other cell-cell communication related
genes (e.g. ACTA2, COL1AL). Despite the defective S-phase phenotype, key G1/S transition
gate keeper cyclin dependent kinase inhibitors CDKN1A, CDKN1B and CDKN2B levels
were reduced, while genes that are important for DNA replication and S-phase progression
(e.9. MCM10, ORC1, CCNE1, CCNEZ2) and DNA damage genes (e.g. ATR, BRCAZ2,
CHEK?2) were upregulated. These latter findings indicate a possible early S-phase defect
rather than G1/S block. Given that genes were predominantly upregulated upon LUCAT1
knockdown (Figure 4A, Supp. Figure 4C), we conclude that LUCAT1 is primarily required
for repression of genes.

Myocardial Infarction Associated Transcript (MIAT) was initially identified in a large-scale
association study as a susceptibility locus for myocardial infarction (Ishii et al., 2006) and
was later shown to play a role in retinal cell fate specification (Rapicavoli et al., 2010). It has
been linked to multiple diseases including being upregulated in several different cancers
(Sun et al., 2018). Consistent with the observed strong S-phase progression defect, MIAT
depleted cells showed downregulation of many genes that are directly related to DNA
replication (e.g. RAD21, CDC20, CDC25A, a catalytic subunit of DNA polymerase, POLD1
and the accessory subunit POLD3). Similarly, many genes important for S-phase
progression regulation were also misregulated (e.g. CDKN2A, CDKN2B, CCND1 were up
regulated while CCND3, CCNE1, CCNE2 were down regulated). In addition, MIAT
depletion caused misregulation of many epigenetic regulatory enzymes, both chromatin and
DNA modifying enzymes (e.g. KMT2E, KMT2B, TET2, DNMT1). MIAT knockdown
resulted in transcriptome wide changes that were biased towards depletion of gene
expression in all time points examined, although there were also a number of significantly
upregulated genes (Figure 4A, Supp. Figure 4C). We conclude that MIAT is involved in
regulation of numerous genes whose functions impact cell cycle progression and chromatin
dynamics and is more important for upregulation of these genes than for downregulation.

There were also common genes that were similarly impacted in all three knockdowns. The
gross phenotype in S-phase progression seen in all three knockdowns was reflected via
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downregulation of genes related to cell cycle progression, mitosis and organelle biogenesis.
Replication coordinated canonical histone genes, late S-G2/M phases specific transcripts
(e.g. ANAPC15, FOXM1), actin organization and organelle function related (e.g. TGFBI,
SEC61A1) genes were down regulated in all three knockdowns. In addition, forkhead family
transcription factors that play important roles in retina development and morphogenesis
FOXC1, FOXD1 were depleted in all 3 knockdowns. Intriguingly, some of the upregulated
genes in all three knockdowns, particularly strongly upregulated in MIAT and LUCAT1
knockdowns, were neuronal lineage specific transcripts; such as neural crest specification
regulator KBTBD8, dendrite branching regulator TMEMZ106B, neuron specific cyclin
dependent kinases CDK17 and CDK5R1, and genes that plays role in early stage neuronal
differentiation and signaling (e.g. DMRTA1, CEND1, NOTCH3 and FGF18). This result
might be related to the maintenance of cell identity as retinal pigment epithelial cells were
shown to transdifferentiate into neuronal progenitor like cells (Engelhardt et al., 2005). It is
possible that gene expression changes common to all three knockdowns reflect indirect
effects of perturbing normal cell cycle as opposed to direct regulatory effects of each
lincRNA. Some of the differential gene expression changes upon different lincRNA
knockdowns are shown in line plots and genomic tracks of the time points (Figure 4E).

Discussion:

We isolated nascent transcripts and identified over 200 long intergenic non-coding RNAS
that are expressed with specific timing during S-phase. Our data set provides insights on
transcription peak time and function relation for non-coding RNAs at specific stages of cell
cycle focused in detailed S phase progression. Protein factors necessary for cell cycle
display a similar periodic expression pattern of their mRNAs (Grant et al., 2013; Martin and
A, 2019). Consistent with these observations, the S-phase specific lincRNAs we cataloged
share similar promoter elements with co-transcribed protein coding genes. Three of the S-
phase expressed lincRNAs were shown to be necessary for proper regulation of numerous
genes during cell cycle, with each of the three regulating distinct sets of genes. The timing of
the expression of these RNAs in S-phase appeared relevant to their functions, as depletion of
the three caused a widespread alteration in gene expression that occurred immediately after
the expression peak time of each lincRNA. We infer that there are multiple lincRNAs in
mammalian cells that play a regulatory role during S-phase and provide a list of candidates
for this function.

Long non-coding RNAs have been associated with pluripotency (Guttman et al., 2011; Savi¢
et al., 2014), lineage specification/differentiation (Frank et al., 2019; Guo et al., 2018;
Schwarzer et al., 2017; X. Zhang et al., 2014), apoptosis (Hu et al., 2018; Huarte et al.,
2010; A. Zhang et al., 2013) and cell cycle coordination (Hung et al., 2011; Y. Liu et al.,
2017). Most of these InNcRNAs were either genic (intronic or antisense) or located in the
close vicinity of a promoter element of a protein coding gene or an enhancer. Many of these
IncRNASs and their function in growth modification are cell type specific, perhaps due to
differences in cell type specific transcriptional networks (S. J. Liu et al., 2017). Certain
IncRNAS have been shown previously to have a cell-cycle function and shown to be
important for proper cell cycle progression (S. Lee et al., 2016; Marchese et al., 2016;
Notzold et al., 2017; Tripathi et al., 2013). We find these latter IncRNAs in our analysis of
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nascent RNAs expressed during S-phase, indicating that their synthesis is consistent with
their previously described function, and also identify approximately 900 other INCRNAs
whose expression peaks in S-phase.

Diverse regulatory functions in controlling chromatin structure and transcriptional profiles
have been attributed to long non-coding RNAs, yet very few of them have well-defined
expression patterns with respect to their proposed biological function. Furthermore, the
overall low abundance of many IncRNAs throws into question their ability to execute their
functional roles in the cell (Cabili et al., 2015; Kopp and Mendell, 2018; Palazzo and E. S.
Lee, 2015). While there have been numerous analyses of IncRNAs that are expressed in
specific cell types and in malignancies, few of these studies have examined temporal
regulation of INcCRNAs. The ability to efficiently isolate nascent transcripts at specific stages
during cell cycle has allowed us to expand upon previous studies in several important ways.
Many nuclear long non-coding RNAs are relatively short-lived (Clark et al., 2012), which
creates issues in abundance that are mitigated by isolating nascent RNAs in a cell cycle stage
specific manner. It is possible that their lower abundance is due to their transient nature;
expression at high levels at specific time points might allow sufficient abundance at those
time points to allow broad functional roles. We infer from our data that the timing of
synthesis of a non-coding RNA offers information on its function, and that there are a large
number of non-coding RNAs with temporal regulation.

We suggest that lincRNAs play a key role in regulating S-phase progression. Molecular
events, including transcription during S-phase, are tightly regulated to ensure controlled cell
cycle progression and propagation of cellular integrity. For example, after replication, gene
dosage homeostasis is preserved with nascent chromatin modifications (Voichek et al., 2016)
while coordination with the replication fork is important so that the collision of these two
DNA templated processes can be prevented and genome stability can be maintained (Duch
et al., 2013; Garcia-Muse and Aguilera, 2016; Helmrich et al., 2011; Wansink et al., 1994).
Hence, there is a need for transcriptional control of non-coding RNAs during S-phase as has
been seen in many instances with mRNAs. Therefore, S-phase peaking lincRNAs might be
less likely to be the result of fortuitous transcriptional activity produced from junk DNA
(Palazzo and E. S. Lee, 2015) or transcriptional noise byproducts (Struhl, 2007). Consistent
with non-random expression, the lincRNAs we have identified share promoter elements
linked to cell cycle regulation and differentiation of the mRNA genes expressed in S-phase.
Each of the three lincRNAS that we investigated further were required for proper S-phase
progression. Importantly, despite similar characteristics in expression timing, nuclear
enrichment and knockdown phenotype, all three lincRNAs impacted different gene
expression programs. Emphasizing these differences, depletion of MIAT or LUCAT1 had
the opposite effect on many genes. The observation that over 200 lincRNAs display S-phase
specific expression indicates a possible coordination between the regulatory effects of these
lincRNAs and the regulatory effects of proteins that are expressed during S-phase to allow
effective progression through cell cycle and re-establishment of regulation on both daughter
strands.

Some members of the set of lincRNAs we identify here might be important in establishing
the *‘memory’ of expression state on the replicated daughter strands that is essential for
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proper development. There are several examples of small non-coding RNAs being required
for maintenance of epigenetic states in a variety of organisms. Transgenerational inheritance
has been shown to involve RNA, for example through use of maternal piRNAs in flies
(Brennecke et al., 2008) and paternal tRNAs in mice (Sharma et al., 2016), regulation of
DNA methylation in plants (Saze et al., 2008) and paramutation in mice and maize (Alleman
et al., 2006; Rassoulzadegan et al., 2006; Woodhouse et al., 2006). Pericentromeric
heterochromatin is maintained through small RNAs in S. pombe (Verdel et al., 2004; Volpe
et al., 2002). The most extensively studied lincRNA, Xist, is known to trigger a
chromosomal memory during early differentiation of embryonic stem cells that is required
for enforcement of transcriptional repression (Kohlmaier et al., 2004). Other examples
include rDNA heterochromatinization during differentiation in mammals (Guetg et al., 2012;
Savic et al., 2014) and mesoderm specification (Frank et al., 2019). The set of lincRNAs
described here provides a set of candidates for function in epigenetic memory in addition to
candidates for S-phase progression and potential biomarkers and/or therapeutic targets.

STAR METHODS:

Resource Availibilty:

Lead Contact: Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Robert E. Kingston
(kingston@molbio.mgh.harvard.edu).

Materials Availability: There are restrictions to the availability of ABE-biotin probe
generated in this study due to the lack of our need to maintain the stock. A detailed synthetic
method of this reagent has been provided in Method S1.

Data and Code Availability: The accession number for the next generation sequencing
data reported in this paper is GEO: GSE137448. This study did not generate code.

Experimental Model and Subject Details

The hTERT-RPEL cell line: Organism: Homo sapiens, human; Gender: Female; Cell
Type: Epithelial cells immortalized with hTERT; Tissue: Retina, eye, pigment epithelium;
Disease: Normal

Céll Culture: Cells were cultured (37° C, 5% COy), in DMEM-F12 + GlutaMAX™ and

penicillin and streptavidin medium (Gibco, Waltham, MA, USA) supplemented with 10%
fetal calf serum (FCS; Gibco) and %0.25 Na-Bicarbonate. Cells were synchronized at the

G1/S border with L-Mimosine (Sigma-Aldrich, M0253) prepared as described before with
slight modifications (Galgano and Schildkraut, 2006).

METHOD DETAILS

Synchronization and Flow Cytometry:

This protocol was adapted from “Cell Synchronization,” Chapter 14, in Cells (eds. Spector
et al.). Cold Spring Harbor Laboratory Press). 79mg of mimosine was dissolved completely
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in 5 mL of 0.1N NaOH and 5 mL DMEM/F12 was added to achieve a 100X solution, final
concentration of 40mM. Cells were plated at 3X108 cells/15cm plate in 1X mimosine (400
uM) containing medium and cultured for 22 hrs. To release into S-phase, they were washed
with 15 mL PBS twice and plated in regular RPE1 medium.

Propidium iodine staining and Flow Cytometry adapted from Ormerod and Kubbies: Cells
were trypsinized, collected and washed once with PBS. They are then resuspended in 200ul
PBS and the cell suspension was transferred drop-wise fashion into a tube containing 4 mL
ice cold 70% ethanol, incubated at +4°C overnight. Next day, 300,000 cells resuspended in 1
mL PBS containing 40 ug/mL Propidium iodine and 100ug/mL RNase A, incubated at 37°C
for 30 minutes, filtered and FACS analyzed for their DNA content (Ormerod and Kubbies,
1992).

EU Metabolic Labeling and Nascent RNA Sequencing:

After 22 hrs of mimosine synchronization cells were washed twice with 15mL PBS and
release them into S-phase in normal culture medium. At different time points of after release
into S-phase, culture medium was changed to 5-Ethynyl Uridine (Cat.No. PY7563,
Berr&Associates) containing medium with a final concentration of 100uM. After 2 hours of
labeling nascent transcripts with EU (EU labeling has been reported as little as in 10 min in
vivo (Jao and Salic, 2008)), the medium was aspirated, and cells were washed once with
PBS, then collected in 1.2 mL Trizol Reagent (Cat. No. 15596-026, Life Technologies)
using cell lifter. For nuclear enriched RNA seq, cells were trypsinized and the nuclear
fraction was isolated using cell fractionation buffer (PARIS RNA Kit, Cat.No. AM1921,
Thermo Fisher Scientific). The nuclear fraction was resuspended in 1.2mL Trizol. Samples
were flash-frozen in liquid nitrogen and stored in —80°C.

RNA Extraction, Ribosomal RNA Removal: 0.4 mL chloroform was added to samples
collected in 1.2 mL Trizol®. Samples were centrifuged for 15 min at 12,000 x g, 4°C. The
aqueous phase was transferred to RNA fresh tubes and an equal amount of isopropanol
added. RNA was precipitated by centrifugation for 15 min at 12,000 x g, 4°C and washed
once with 80% Ethanol, pellets were air-dried for 5 min, then resuspended in 44 ul nuclease-
free water and DNAsel treated for Lhour at 37°C. The DNAsel reaction was cleaned up with
the RNA clean & concentrator kit (Zymo Research), according to the manufacturer’s
protocol. For each sample (time point) 15 ug RNA was ribosome depleted using RiboZero
Gold Magnetic Kit (Cat.No. MRZG12324, Illumina Inc.).

Biotinylation with Click Chemistry and UV Elution: Ribosome-depleted, EU labeled
RNASs were biotinylated using a novel UV-cleavable biotin azide probe, ABE-biotin (See
detailed synthetic method in Methods S1) under previously described click reaction
conditions (Yildirim, 2015). The detailed description for the synthesis of ABE-biotin,
accompanied with the spectral data of new compounds, can be found in Supplementary
Information. Ribozero-treated RNA samples were pooled to achieve a yield of at least 500
ng RNA, which was used for the click reaction. Nascent transcripts were then isolated using
streptavidin coated magnetic beads (MyOne Streptavidin C1 magnetic beads, Cat.No.
65001, Life Technologies). Nascent RNA bound magnetic beads were then transferred to
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sterile, UV transparent glass tubes and released from biotin-streptavidin complex by
irradiating for 15 min at 350 nm irradiation using a bench-top Rayonet UV reactor. Eluted
RNA cleaned up with the RNA clean & concentrator kit (Cat.No. R1015, Zymo Research). 9
ul RNA is fragmented in 7 ul 5X First strand buffer (SuperScript 111, Cat.No. 18080044,
Thermo Fisher Scientific) at 94 °C for 5 min in PCR machine with a heated lid. The RNA
was quickly chilled on ice. Then 2,25 ul 100mM DTT (SuperScript 111, Cat.No. 18080044,
Thermo Fisher Scientific), 1,25 ul Random primer (Cat.No. 48190011, Thermo Fisher
Scientific) and 6ul RNAse free water were added and incubated at 65 °C for 3 min, then
chilled on ice for 3min. 1,5 ul dNTP mixure (10 mM each); 0,75 ul RNase inhibitor (Cat.
No. PRN2615, Promega); 0,75 ul 200 mM DTT; 1,5 ul SuperScript I11 enzyme (Cat.No.
18080044, Thermo Fisher Scientific) were added to chilled samples and incubated for 10
min at 25 °C; 1hr and 15 min at 50 °C and then 15 min at 70°C. 72 ul SPRI beads (Cat. No.
A63882, Beckman Coulter Genomics Inc.) were used to purify and isolate the cDNA,
samples were then eluted with 22 ul EB (10mM Tris-Cl, pH 8.5). Second strand synthesis
was performed by addition of 3 ul 10X NEB Buffer 2; 2 ul 10 mM dNTP mixture; 0.75 ul
RNaseH (NEB); 2 pul DNA polymerase | (10 U/ul, NEB); 0.5 pl 10mM DTT and incubation
at 16 °C for 2.5 hrs. The reaction was cleaned up with 56 ul SPRI beads (1.6X ratio) and
eluted in 38 ul dH20. A picogram scale sequencing library protocol (Bowman et al., 2013)
was then used.

LNA GapMeRs IncRNA knockdown:

RT-qPCR:

hTERT-RPEL cells were transfected with 130-150 pmol LNA GapMeRs(Qiagen) in Opti-
MEM™ (Cat.No. 31985070, Thermo Fisher Scientific) via the facilitation of
Lipofectamine™ RNAiMax Transfection Reagent (Cat.No. 13778150, Thermo Fisher
Scientific). Knockdown efficiency was checked with rt-gPCR using primers specific to the
appropriate lincRNA for each LNA.

RNA is extracted and DNasel treated as described before and reaction was cleaned up with
the RNA clean & concentrator kit (Zymo Research), according to the manufacturer’s
protocol. Reverse transcription reaction is done with SuperScript I11, according to the
manufacturer’s protocol (SuperScript 11, Cat.No. 18080044, Thermo Fisher Scientific).
RNA is degraded at 65°C with 6.5ul 0.5M EDTA + 6.5ul 1N NaOH incubation for 15 min in
PCR machine with a heated lid. Reaction is neutralized with 17ul 1M HEPES pH 7.5 and
cleaned with Amicon YM10 cleanup spin columns. gPCR reaction is run with 2X BioRad
Sybergreen protocol.

LNA KD-Strand Specific RNAseq:

12 hrs after LNA GapMeR transfection cells were synchronized with mimosine for 21 hrs as
described before and then released in S-phase. Collected time points are: At the time of
release (S0), 2 hrs after release (S2), 4 hrs after release (S4) and 6hrs after release time
points collected. RNA is isolated using phenol chloroform extraction and isopropanol
precipitation. Turbo DNAsel treated samples cleaned with RNA clean & concentrator kit
(Zymo Research).

Cell Rep. Author manuscript; available in PMC 2021 March 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yildirim et al.

ChlIP-Seq:

Page 15

After rRNA depletion as described. 4 ul RNA was fragmented in 4 ul 5X First strand buffer
(SuperScript I11, Cat.No. 18080044, Thermo Fisher Scientific) at 94 °C for 5 min in PCR
machine with a heated-lid. RNA was chilled on ice, then 1.5 ul 100 mM DTT (SuperScript
I11, Cat.No. 18080044, Thermo Fisher Scientific) 1 ul Random primer (Cat.No. 48190011,
Thermo Fisher Scientific) 4 ul RNAse free water were added and incubated at 65 °C for 3
min; then it was again chilled on ice for 3 min. Finally, 1 ul dNTP mixure (10 mM each); 0.5
ul RNase inhibitor (Cat. No. PRN2615, Promega); 0.5 ul 100 mM DTT; 1 ul SuperScript I
enzyme (Cat.No. 18080044, Thermo Fisher Scientific) were added to sample and incubated
for 10 min at 25 °C; 1 hr and 15 min at 50 °C and then 15 min at 70°C. 36 ul SPRI beads
(Cat. No. A63882, Beckman Coulter Genomics Inc.) were used to purify the cDNA and
were eluted with 22 ul EB (10 mM Tris-Cl, pH 8.5). dUTP incorporation performed with
addition of 3 ul 10X NEB Buffer 2; 2 ul 10 mM dUTP mixture (Cat.No. 77330, Afftmetrix
Inc.); 0.75 ul RNaseH (NEB); 2 ul DNA polymerase | (10 U/ul, NEB); 0.5 ul 10mM DTT
incubated at 16 °C for 2.5 hrs. The reaction was cleaned up with 56 ul SPRI beads (1.6X
ratio), eluted with 38 ul dH20. End repair reaction was executed in 50 ul. 5 ul T4 DNA
ligase buffer, 2 ul 10 mM dNTP mixture, 2.5 ul T4 DNA polymerase (NEB), 0.5 ul Klenow
DNA polymerase (NEB), 2.5 ul TAPNK added and incubated at 20°C for 30 min. Reaction
was cleaned up with 1.6X SPRI beads and eluted in 19 ul. End repaired samples then were
A’tailed with 3 ul NEB buffer 2, 6 ul dATP(1mM), 2 ul Klenow 3’ to 5’ exo (5U/ul, NEB)
and incubated at 37°C for 30 min. Reaction cleaned up with 1.6X SPRI beads and eluted in
10,5 ul dH20. 2 ul Universal lllumina adaptors (1 uM) were ligated to A’tailed samples
using 15 ul 2X Enzymatics T4 rapid ligase buffer and 2,5 ul T4 rapid ligase (Cat. No. L603-
HCL-L Enzymatics Inc.) and sample was incubated for 15 min at room temperature. The
reaction was cleaned up with 1.2X SPRI beads and eluted in 25 ul dH20 for UDG
treatment. 2 ul UDG (Cat. No. M02280S, NEB) and 3 ul UDG buffer were added and
incubated at 37°C for 30 min. Reaction was cleaned up with 54 ul SPRI beads (1.8X ratio),
eluted in 38 ul dH20. PCR amplification and barcoding were done as described previously
(Bowman et al., 2013).

Cells were cross-linked in 1% formaldehyde at room temperature and ChIP carried out as
described in (Schmiedeberg et al., 2009) Sequencing libraries were barcoded and prepared
as described in Bowman et al. (Bowman et al., 2013).

Cut and Run:

H3K27me3 mapping carried out according to Cut & Run protocol. IgG used as negative
control. ~3%105 cells per reaction were fixed with 1% formaldehyde at RT for 10 min.
Crosslinking was quenched glycine at final concentration of 125 mM before continuing with
the Cut&Run protocol as described before (Skene and Henikoff, 2017). After targeted
fragments were released, crosslink reversed by incubation at 65 °C with 2 ul 10% SDS and
2.5 ul Proteinase K (20 mg/ml) overnight. DNA was phenol/chloroform extracted and EtOH
precipitated in the presence of 2 ul glycogen (2 mg/mL). Samples were recovered in 25 ul 1
mM Tris-HCI pH8, 0.1 mM EDTA. Sequencing libraries were barcoded and prepared as
described in Bowman et al. (Bowman et al., 2013).
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Cell Viability and Proliferation Assay:

Cell proliferation was assayed for each lincRNA knockdown for 60hrs. After LNA GapMeR
transfection for each lincRNA, cells were seeded in 96-well plates in RPE1 medium and
assayed every 12hr. To determine the lincRNA depletion on cell proliferation CellTiter-Glo
Luminescent Cell Viability Assay (Promega) was used according to the manufacturer’s
recommendations.

QUANTIFICATION AND STATISTICAL ANALYSIS

RNA-seq data processing:

RNA-seq sequencing reads were aligned to the hg38 genome using STAR v2.5.3 (Dobin et
al., 2013). using default parameters and --outFilterMultimapNmax 10. Gene annotations
were obtained from Ensembl (Hunt et al., n.d.). Genome browser tracks were generated
using Homer v4.10.3 (Heinz et al., 2010) and visualized in IGV(J. T. Robinson et al., n.d.).
Reads in the whole gene body were counted using featureCounts v1.6.1 (Liao et al., 2014).
Each knockdown condition was compared separately to the control condition. For each
comparison, reads were normalized using edgeR’s (M. D. Robinson et al., 2009) TMM
method and RPKM was calculated. All further calculations, heatmaps and figures were
made using R v3.3.2 (Team, n.d.) unless otherwise noted.

All RNA-seq experiments were performed in duplicate. RNA-seq on asynchronous cell
lincRNA knockdowns were performed in triplicate. RPKMs were calculated using R v3.3.2.
For all heat-maps, average RPKMs were used to calculate z-score with the formula (RPKM-
average of all RPKMs for gene)/standard deviation across all RPKMs.

Data for Figure 2A was obtained by using the software STEM v1.3.11 (Ernst and Bar-
Joseph, 2006). Relative transcription was calculated by the formula (RPKM — minimum
RPKM across all time points)/(maximum — minimum RPKM across all time points).

Motif analysis was done using the web version of MEME (Bailey et al., 2009). E-values
were used to determine the top discovered motifs. E-value is defined as the expected number
of sequences in a random database of the same size that would match the motifs as well as
the sequence does and is equal to the combined p-value of the sequence times the number of
sequences in the database.

For Figure 4A and 4B, normalized read counts (CPMs) were calculated for every
knockdown condition separately with the control using edgeR’s (M. D. Robinson et al.,
2009) TMM method. RPKM was then calculated using the normalized counts. Fold changes
were calculated using average RPKM values and an added pseudocount of 0.1. For
Supplementary Figure 7, RNA-seq data for asynchronous cells was processed the same way.
For synchronous cells, average of all RPKMs was calculated for control and knockdown
conditions. Pearson correlation between log2 fold-changes in synchronous and
asynchronous cells was calculated using R. EdgeR’s p-value and FDR calculations were
used to make volcano plots in Supplementary Figure 7.
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For Figure 4C, genes that were changing 1.5-fold in one knockdown, but not in the other
knockdowns were chosen. log2(fold changes) for these uniquely changing genes in each
knockdown are shown, separated by if they were up-regulated in the knockdown (upper

panel) or down-regulated in the knockdown (lower panel).

Gene ontology was done using DAVID (Huang et al., 2009). For Supplementary Figure 3C,
each circle in the venn diagram represents the number of genes that were 1.5-fold over
Async at the labeled time-point.

Data about copy number variation frequencies were obtained from the TCGA database using
the R package “cgdsr” (Jacobsen and Questions, n.d.).

ChlIP-seq and Cut-n-run data processing: ChlP-seq and Cut-n-run sequencing reads were
aligned to the hg38 genome using bowtie 2.3.4.3 (Langmead and Salzberg, n.d.). Genome
browser tracks were generated using Homer v4.10.3 (Heinz et al., 2010) and visualized in
IGV (J. T. Robinson et al., n.d.).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Nascent RNA profiles of RPE1 S-phase.
A) Schematic of experimental design for the genome wide nascent RNA pulldown after

metabolic labeling with EU during S-phase (see also See also Supp. Figure 1 and Methods
S1). B) Propidium iodide (PI) stained flow cytometry profiles of hTERT-RPE1 before and
after mimosine synchronization and during their progress in S-phase time course. C) Whole
cell nascent mMRNA expression profiles for differentially expressed genes across S-phase
time course (See also Supp. Figure 2D). Average of two replicates per time point was
calculated and a cut-off of 1.5-fold change of maximum average RPKM across time points
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over minimum average RPKM was applied to find differential genes. Z-scores of average
RPKMs (including Async) are plotted. Genes are clustered based on the time point of the
maximum average RPKM (See Supp. Figure 2B for analyses with more stringent criteria).
D) Nascent cyclin mRNAs and Histone cluster RPKM/Time line-plots showing the
expression dynamics of differential cycling gene regulation across S-phase. Average of two
replicates for each time point is plotted.
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Figure 2. Coordinated expression of cell cycleregulated mRNAs and IncRNAs suggest functional
significance.
A) mRNAs (blue line) and IncRNAs (red line) with similar expression patterns through S-
phase (line plots). These have been divided into three categories shown left to right, in the
panel 1) Peaking at early S-phase: enriched for mRNAs of proteins involved in
differentiation and development processes. 2) Peaking at mid S-phase: enriched for
nucleosome assembly and DNA packaging related mRNAs. 3) Peaking at late S-phase:
enriched for mRNAs of proteins involved in M phase and Nuclear division. Average of two
replicates for each time point is plotted. RPKMs are normalized for scale 0-1 with lowest
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expression as 0 and highest expression as 1 (See methods for more details on normalization).
B) Nuclear nascent lincRNA expression profiles for differentially expressed genes across S-
phase time course. Average of two replicates per time point was calculated and a cut-off of
1.5-fold change of maximum average RPKM across time points over minimum average
RPKM was applied to find differential genes. Z-scores of average RPKMs (including
Async) are plotted. lincRNAs are clustered based on the time point of the maximum average
RPKM (See Supp. Figure 2E for analyses with more stringent criteria). C) RPKM/Time
line-plots of individual lincRNA expression profiles (as labeled) compared in whole cell and
nuclear enriched data sets. Average RPKM of two replicates per time point is shown. D)
MEME results of top discovered promoter motifs in 1200 bp surrounding (1000 bp upstream
and 200 bp downstream) transcription start site of nuclear lincRNA genes with S- phase
expression peak. Common binding motifs of this cluster include binding sites for factors that
control mitogenesis, DNA replication and cell cycle regulation. Top 6 motifs by E-value
(statistical significance as calculated by MEME) and their matches to known transcription
factor motifs are shown.
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Figure 3. Depletion of early S-phase peaking lincRNAsLINC00704, LUCAT1 and MIAT causes

cell cycle progression defects.

A) RPKM/Time line-plots showing expression dynamics of LINC00704, LUCAT1 and
MIAT across time points in S-phase for whole cell and nuclear enriched (See also Supp.
Figure 3A, B). B) RT-gPCR normalized to GAPDH showing knockdown efficiency with 2
different LNAs for LINC00704, LUCAT1 and MIAT. Cells were also treated with control
LNAs D.melanogaster specific transcript targeting LNA (negative control) and MALAT1
LNA (positive control). C) Flow cytometry profiles at 6 hours and 11 hours after mimosine
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wash-off and release in S-phase of unperturbed (wild type) cells; control LNA transfected
(negative control); MALAT1 LNA transfected cells (positive control); Linc00704 LNA
treatment; LUCAT1 LNA treatment and MIAT LNA treatment. Two separate LNAS are
shown for each of the experimental samples. D) Bar graph representation of the flow
cytometry data. E) Western blot for different cyclin proteins that are differentially regulated
at G1/S transition an S-phase progression. Alterations from normal WT levels were seen in
LINC00704, LUCAT1 and MIAT knockdown cells (See also Supp. Figure 3E).
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Figure 4. Different transcriptional programs are impacted by the depletion of early S-phase

peaking lincRNAs LINC00704, LUCAT1 and MIAT.

A) Scatter plots showing transcriptome wide changes of gene expression in knockdowns,
regardless of expression dynamics in cell cycle progression. Genes up-regulated in the
knockdowns (1.5-fold) are shown in red and down-regulated in knockdowns (1.5-fold) are
shown in blue (See also Supp. Figure 4A). B) Gene expression profiles of control LNA
transfected and knockdown cell mapped after strand specific RNA-seq. Z-scores of average
RPKMs of two replicates across all time points are shown for genes with (maximum RPKM
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in Control LNA)/ (minimum RPKM in Control LNA) > 1.5 (See also Supp. Figure 4B 2-fold
change). Genes are clustered based on the time point of the maximum expression level in
Control LNA. Genes are ordered by increasing z-scores in control. SO is G1/S border cells;
at the time of mimosine wash-off. S2 is cells just released in S-phase; S4 is early S-phase
and S6 is early-mid S-phase. LINC00704, LUCAT1 and MIAT knockdowns were compared
to corresponding time points of control sample. C) Unique gene expression changes for each
lincRNA knockdown compared to control LNA transfected cells at each time point. Only
genes that were uniquely affected in one lincRNA knockdown at any time point, but not
changing the same way in other knockdowns are shown. Log2 fold-changes knockdown over
control are shown for each individual knockdown. Up-regulated genes are shown on the top
followed by down-regulated genes at the bottom (See also Supp. Figure 4C). D) GO terms of
gene expression changes unique to each knockdown compared to control cells in each time
point. E) RPKM/Time line plots showing expression changes in control, LINC00704,
LUCAT1 and MIAT knockdown cells.
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KEY RESOURCE TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
CYCLIN A2 Cell Signaling Technology 4656
CYCLIN D1 Cell Signaling Technology 2978
CYCLIN D3 Cell Signaling Technology 2936
CYCLINE1 Cell Signaling Technology 4129
H3K4me3 E M D Millipore 07-473
H3K27me3 Cell Signaling Technology 9733
H3K27Ac Cell Signaling Technology 8173
H3Kmel Abcam 8895
Chemicals, Peptides, and Recombinant Proteins
L-Mimosine Sigma-Aldrich M0253
5-Ethynyl Uridine (EU) Berry & Associates PY7563
dUTP mixture Affymetrix Inc. 77330
RNase inhibitor Promega PRN2615
Random primer Thermo Fisher Scientific 48190011
RNAiMax Transfection Reagent Thermo Fisher Scientific 13778150
My1 Streptavidin C1 magnetic beads Life Technologies 65001
SuperScript 11 Thermo Fisher Scientific 18080044
SPRI beads Beckman Coulter Genomics Inc A63882
Deposited Data
Next Generation Sequencing GEO | GSE137448.
Experimental Models: Cell Lines
hTERT-RPEL1 cell line ATCC | CRL-4000
Oligonucleotides
LUCAT1 Fw Integrated DNA Technologies atgcctgggacagacagaga
LUCAT1 Rev Integrated DNA Technologies actgaccctggcttgcttc

LINC00704 Fw

Integrated DNA Technologies

atacctgtgcatctcatgctgt

LINCO00704 Rev

Integrated DNA Technologies

cattcccagattgtggagttgg

MIAT Fw

Integrated DNA Technologies

gacccgagttggaggceatct

MIAT Rev

Integrated DNA Technologies

cttggttaccectgtgatgee

Software and Algorithms

STARV2.5.3

https://github.com/alexdobin/STAR

bowtie 2.3.4.3

http://bowtie-bio.sourceforge.net/bowtie2/index.shtml

Homer v4.10.3

http://homer.ucsd.edu/homer/index.html

IGV

https://software.broadinstitute.org/software/igv/

featureCounts v1.6.1 from Subread

http://subread.sourceforge.net/

STEMv1.3.11

https://www.ncbi.nlm.nih.gov/pubmed/16597342
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REAGENT or RESOURCE SOURCE IDENTIFIER
MEME web application http://meme-suite.org/tools/meme
edgeR https://bioconductor.org/packages/release/bioc/html/
edgeR.html
Rv3.3.2 https://www.r-project.org/
TCGA cBioPortal https://www.cbioportal.org/
R package “cgdsr” https://cran.r-project.org/web/packages/cgdsr/index.html
Other
PARIS RNA Kit (cell fractionation) Thermo Fisher Scientific AM1921
RNA clean & concentrator kit Zymo Research R1013
RiboZero Gold Magnetic Kit Illumina Inc MRZG12324
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