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The transcriptional machinery is thought to dissociate from DNA during replication.
Certain proteins, termed epigenetic marks, must be transferred from parent to
daughter DNA strands in order to maintain the memory of transcriptional states*2.

These proteins are believed to re-initiate rebuilding of chromatin structure, which
ultimately recruits RNA polymerase Il (Pol II) to the newly replicated daughter strands.
Itis believed that Pol Il is recruited back to active genes only after chromatin is
rebuilt®*. However, there s little experimental evidence addressing the central
questions of when and how Polllis recruited back to the daughter strands and
resumes transcription. Here we show thatimmediately after passage of the replication
fork, Polllin complex with other general transcription proteins and immature RNA
re-associates with active genes on both leading and lagging strands of nascent DNA,
and rapidly resumes transcription. This suggests that the transcriptionally active Pol Il
complexis retained in close proximity to DNA, with a Pol lI-PCNA interaction
potentially underlying this retention. These findings indicate that the Pol Il machinery
may not require epigenetic marks to be recruited to the newly synthesized DNA
during the transition from DNA replication to resumption of transcription.

Maintenance of differential gene expression depends on RNA tran-
scription catalysed by Pol I For a cell to retain its lineage from one
generation to the next, the transcriptional status at individual genes
must be maintained and transmitted during the cell cycle to daughter
cells. Retention of transcriptional states is critical during DNA repli-
cation and mitosis because chromatin structure may be drastically
altered owing to protein displacement by the replication fork? and by
chromatin condensation®, respectively.

Although thereis no conclusive experimental evidence, chromatin-
based epigenetics assumes that components of the Pol Il transcriptional
apparatus and immature RNA dissociate from DNA for a significant
period of time, and that restoration of chromatin structure (that is,
the histone code) is an obligate prerequisite to re-recruiting Pol Il to
active genes"*. We interrogated this model and found that active forms
of Pol II, the key general transcription factor (GTF) TATA-binding pro-
tein (TBP), several elongation factors and immature RNA transcripts,
were detected onboth strands of nascent DNA immediately following
replication. Consistently, new transcription resumes shortly after rep-
lication, and may involve completion of synthesis of immature RNAs.

These findings may change the traditional model of epigenetic book-
marking, which assumes dissociation of transcriptional proteins and
requires chromatin restoration as amechanism for the de novo assem-
bly of the Pol Il complex atits target genes. On the basis of our results,
we suggest that the transcriptionally engaged Pol Il complex may be
transiently dislodged from DNA but retained at replication forks during
the passage of thereplication fork through direct proteininteractions
with PCNA. This may enable the complex to quickly re-associate with

its sites on both strands of nascent DNA at active genes and resume
transcription, alleviating the need for any additional bookmarking
mechanisms during S phase at active genes.

Polllis bound to short nascent DNA

Todetermine when PolIlis recruited back to DNA after replication, we
measured the recruitment of Pol Il to nascent DNA using the chromatin
assembly assay”® (CAA; Fig. 1a). This assay uses a proximity ligation
assay (PLA) to assess whether achromosomal protein is within 40 nm
orless of EdU-labelled nascent DNA. Cells were labelled for 5 min, or for
10 minfollowed by increasing chase times to assess Pol [laccumulation
following DNA replication. These experiments were performed on an
asynchronous population of cells, so EdU labelling represents firing
of different replicons in individual cells. Since hundreds of nuclei are
examined in each experiment, the results of CAA reflect association
of tested proteins with nascent DNA at every replicating region of the
genome”®,

Total Pol Il was robustly detected on nascent DNA following 5 min
of EdU labelling (Fig. 1b). The 5 min-labelled nascent DNA fragments
rangeinlength from several hundred base pairs (bp) to approximately
3.7-6.0 kb in euchromatic replication®. The approximately twofold
increase in the number of PLA signals at 10 min probably reflects the
increased length of the EdU-labelled DNA. Of note, we did not observe
CAAssignals in cells in which the PLA was performed using either an
anti-Pol Il antibody or anti-biotin antibody paired with an IgG control
(Extended DataFig.1).
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Fig.1|RNA polymerasell and associated factors are bound to DNA within
minutes of replication.a, Scheme of CAA. Nascent DNA s pulse-labelled with
EdU (red circle) with or without chase and conjugated with biotin (purple
circle). PCNAisshownasaredringand the replisomeisshowninblue.b-i, Cells
werelabelled and chased to detectlabelled Pol 11 (b), Pol 11 S5P (c), Pol 11S2P (d),
TBP (e), CDK9 (f), cyclin T1(g), SPT4 (h) or SPTS5 (i). PLA was performed between
nascent DNA and theindicated proteins. As negative controls for the PLA

Further, we performed CAA using antibodies specific to Pol Il phos-
phorylated on Ser5 (Pol 11 S5P) or Ser2 (Pol 11 S2P) of its C-terminal
domain (CTD), which correspond to transcriptional initiation and
elongation, respectively’. The initiating form Pol Il S5P and the
elongating form Pol 11 S2P were detected on 5 min EdU-labelled DNA
and then increased about twofold within 10 min after replication
(Fig.1c,d).

Treatment of cells for 30 min with the initiation inhibitors THZ-1
(ref.11) and triptolide™ (TPL) or the elongation inhibitor 5,6-dichloro-
1-a-D-ribofuranosylbenzimidazole® (DRB) did not drastically reduce
the number of CAA signals on nascent DNA (Extended Data Fig. 2a),
although treatments with THZ-1and DRB reduced overall levels of phos-
phorylated Pol Il (Extended Data Fig. 2b) (note that DRB also inhibits
CDK7 (ref.14)). This suggests that the detection of phosphorylated Pol
Ilonnascent DNA is probably not the result of anew round of transcrip-
tion after replication.

Longer treatment with TPL caused near complete loss of signals for
Pol I1 S5P and S2P (Extended Data Fig. 2a), and longer treatment with
DRB caused partial loss of Pol Il S5P and near complete loss of Pol I
S2P on nascent DNA (Extended Data Fig. 2a). The partial loss of Pol Il
SSP during longer treatment with DRB may either be owing to either
non-specific inhibition of CDK7 (ref. 14) or decreased elongating Pol I,
since Pol Il S5P is not immediately de-phosphorylated once a Pol 11
molecule moves into elongation®. Notably, neither of these treat-
ments affected the levels of the essential replication component PCNA
(Extended DataFig. 2c).

We observed significantincreases of PLA signals for all Pol Ilisoforms
at chase times from 25 to 40 min, reaching their maximum at 40 min
after replication, suggesting that by this point Pol Il has finished its
loading onto nascent DNA (Fig. 1b). These results suggest that both
initiating and elongating forms of Pol Il associate with DNA within sev-
eral minutes after passage of the replication fork and are fully loaded
onto the new strands by 40 min after replication.
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reaction, we used EdU-negative nuclei as well as CAA using an antibody to
either the transcription protein or anti-biotinand IgG control (Extended Data
Fig.1). Dataare mean ts.d. (n =3 independent experiments). The number of
nucleiexamined were: 440 (b), 365 (c), 475 (d), 429 (e), 355 (f), 335 (g), 469 (h)
and 536 (i). One-way ANOVA with Tukey’s post hoc test. Scale bars, 10 pm.
*P<0.05,**P<0.01,**P<0.001and ****P<0.0001.

GTFs are detected on short nascent DNA

Detecting Pol Il isoforms on nascent DNA shortly after replication
raises the question of whether a GTF also associates with short nas-
cent DNA. We assessed this by examining association with nascent
DNA of TBP, a representative initiation factor that is the first GTF
to bind to the core promoter and also remains associated long after
transcription initiates'®". Results of CAA show that similar to Pol II,
TBP is detected on nascent DNA within 5 min of replication and the
TBPsignalincreases after 10 min of labelling as expected (Fig. 1e). This
suggests that similar to PolIl, TBP is associated with DNA within min-
utes of replication. As expected, 4 h of treatment with the elongation
inhibitor DRB did not affect the levels of TBP on nascent chromatin
(Extended DataFig. 2d).

Inline with detection of both Pol I S5P and S2P shortly after replica-
tion, we found that proteinsinvolved in the transition from transcrip-
tional initiation to elongation are also associated with nascent DNA.
The P-TEFb complex comprising cyclin T1 and CDK9 is responsible
for phosphorylating the CTD of Pol Il at serine 2, which is critical for
enabling Pol Il to escape promoter proximal pausing and move into
productive elongation down the gene body'®. CAA for cyclin T1and
CDK?9 shows association of these proteins following 5 and 10 min of
labelling with EdU (Fig. 1f,g).

Similarly, we found that both components of the DRB sensitivity
inducing factor (DSIF) complex that is essential for transcriptional
elongation and associates with elongating Pol I, SPT4 and SPTS5, are
alsodetected onnascent DNA in 5 min after replication (Fig. 1h,i). This
adds further support to the presence of the actively elongating Pol Il
complex on the relatively short nascent DNA. Treatment for 4 h with
DRB caused asignificant decrease in SPT4 and SPT5 on nascent chro-
matin (Extended DataFig. 2e) but notacomplete loss of either factor.
This is probably owing to the loss of DSIF associated with elongating
Pol II S2P, but not DSIF associated with paused Pol Il. Thus, as well as
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Fig.2 | Transcriptionand replication proteins colocalize on nascent
chromatininsitu. a, Schematic depiction of multiplex CAA with transcription
proteins and PCNA. Nascent DNA is EdU-labelled (blue circle) and conjugated
to biotin (purplecircle). Two PLA reactions are performed in parallel between
nascent DNA and atranscription protein (for example, Pol Il (red signal)) and
between nascent DNA and PCNA (greensignal). b, Example distance measurements
between multiplex CAA signals with PCNA (green) and Pol I S5P (red). Left, an
overlapping pair of signals. Right, a pair of non-overlapping but closely spaced
signals. Arrows through the PLA fociare1 pminlength and correspondto the
intensity plots below which depict the intensity for the green (top) and red
(bottom) signals. The grey bar within the plot shows the distance measurement
between the centres of the foci; the distance is shownin the image. ¢, Multiplex

Pol Il, GTFs are also associated with DNA within minutes after DNA
replication.

GTFs and PCNA colocalize on nascent DNA

We developed an approach that we call multiplex CAA to examine
whether transcriptional proteins are associated on nascent DNA close
tothereplisome marker PCNA (Fig. 2a). In this assay, two simultaneous
PLAreactions use different pairs of oligonucleotide-tagged antibodies
to generate unique amplified DNA regions for each pair of antigens if
they are in close proximity, which can then be detected with oligonu-
cleotides labelled with different fluorophores'. To improve the reso-
lution of this analysis, we used stimulated emission depletion (STED)
super-resolution microscopy to ensure that the signals of these two
PLAreactionsindeed overlap.

When measuring the distance between the centres of the PLA foci
inmultiplex CAA, we found that overlapping signals are on average
136 nm + 53 nm (mean + s.d.) from one another. Closely spaced but
not overlapping PLA signals are detected when the distance between
the centres of signals is greater than 275 nm (see example measure-
ments in Fig. 2b). It is estimated that 100 bp of linear DNA, which is
expected at replication forks?, is 34 nm in length?. Therefore, this
assay detects transcription proteins on nascent DNA within 400 bp
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CAAfor Pol1IS5Pand PCNA. Top, image showing a full nucleus. Bottom, examples
of overlap are enlarged and shown as split channels. d, Quantification of
multiplex CAA experiments with PCNA; datarepresent the average percentage
of overlaps +s.d.fromn=3independent experiments. e, Multiplex CAA for
Pol11S2P and PCNA. Top, image showing a full nucleus. Bottom, examples of
overlap areenlarged and shown as split channels. f, Multiplex CAA for TBP and
PCNA showing enlarged example images of overlap between CAA for TBP and
PCNA.g, Multiplex CAA for SPT4 and PCNA showing enlarged example images
of overlap between CAA for SPT4 and PCNA. h, Multiplex CAA for SPT5and
PCNA showing enlarged example images of overlap between CAA for SPT5and
PCNA.Scalebars:2 um (full nucleusin c,e) and 400 nm (enlarged images in
c,e-h). Datashown arerepresentative of threeindependent experiments.

for the overlapping signals (but they may be as close as 244 bp) to
about 800 bp for the adjacent signals from the replication protein
PCNA.

Multiplex CAA following 10 min of labelling with EdU was performed
withPLAbetween Pol 11 S5P and EdU (red) and PLA between PCNA and
EdU (green) (Fig. 2¢). On the basis of the length of DNA synthesized
during 10 min of labelling’ (7.4 to 12 kb), and the distances described
above, the probability of detecting Pol Il overlapping with PCNA (that s,
about400 bp apart) is 5-10%. Inline with these estimates, we observed
thataround 8% of Pol I S5P PLA signals overlap with PCNA PLA signals
on nascent DNA (Fig. 2d and Extended Data Fig. 3a). We detected a
similar proportion of overlapping signals between Pol [1S2P and PCNA
on nascent DNA (Fig. 2d,e). We note that in addition to overlapping
signals we also detected 15.0 + 1.68% (mean * s.d.) of closely spaced
signals (Fig. 2b), which reflects association of proteins with PCNA on
less than1kb of nascent DNA (see above); for simplicity of analysis, we
subsequently focused on quantification of the overlapping signals. We
expected thatlonger labelling would decrease the percentage of over-
laps since the number of Pol Il signals would increase, but the fraction
of signals overlapping with PCNA would decrease. Inline with this, we
observed that the number of overlapping signals for Pol Il S5P or S2P
decreased from 8% after 10 min of EdU labelling to close to 4% after
20 min of EdU labelling (Extended Data Fig. 3b).
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We performed multiplex CAA for TBP and PCNA and found that a
large number of signals for these proteins overlap, suggesting that
TBP is associated with DNA shortly following replication (Fig. 2d,f).
Finally, we found that SPT4 and SPT5 also co-occupy short nascent DNA
alongside PCNA (Fig. 2d,g,h). These results indicate that both forms
of Pollland accompanying proteins are associated with nascent DNA
within few hundred base pairs of the passed replisome.

Pol Il binds to both new strands of DNA

Transcription of active genes should resume onboth strands of nascent
DNA, anditisnot known when transcription proteins re-associate with
eachstrand of nascent DNA. To assess this, we selected arepresentative
proteinasamarker for each daughter strand in multiplex CAA experi-
ments. For the leading strand, we chose DNA polymerase € (Pol €), the
polymerase primarily responsible for leading strand synthesis, and
for the lagging strand we selected flap endonuclease 1 (FEN1), which

Fig.3 | Transcriptional proteins associate withboth leading and lagging
nascent DNA strands. a, Schematic depiction of multiplex CAAwith
transcriptional proteins and Pol €. Nascent DNAis pulse-labelled for 10 min with
EdU (red circle), biotinis conjugated to EdU (purplecircle), and the two PLA
reactionsare performedin parallel. Thefirstisbetween nascent DNAand a
transcriptional protein, such as PolIl, with the generated PLA signal depicted in
red. Thesecondisbetweennascent DNA and the leading strand component Pol g,
withthe generated PLA signal depicted in green. STED microscopy was used to
analyse proximity or overlap between PLA signals of tested proteins.b, STED
images of multiplex CAA for Pol 11 S5P, Pol [ S2P, TBP and SPT4 with Pol &. Panels
show enlarged images of examples of overlap between CAA for each transcription
protein (red) and CAAfor Pol e (green). Datashown are representative of three
independent experiments. ¢, Quantification of multiplex CAA experiments with
DNA Pole. Dataarerepresented as average percentage of overlaps +s.d.fromn=3
independentexperiments.d, Scheme depicting multiplex CAAwith transcriptional
proteinsand FENL, whichis associated with thelagging strand. Experiments were
performedas describedina. e, STED images of multiplex CAA for Pol 11S5P, Pol Il
S2P, TBP and SPT4 with FEN1. Panels show enlarged images of examples of overlap
between CAAforeachtranscriptionprotein (red) and CAA for FEN1(green). Data
shownarerepresentative of three independent experiments. f, Quantification of
multiplex CAA experiments withFEN1. Dataare represented as average percentage
ofoverlaps ts.d.fromn=3independent experiments. Scale bars,400 nm.

is involved in resolving Okazaki fragments?. PLA between Pol £ and
FEN1detected almost no signals; asacomparison, direct PLAbetween
PCNA and either of these proteins results in asignificant number of PLA
signals (Extended Data Fig. 3¢c). These results suggest that Pol € and
FENI1 are not in close proximity to each other and can therefore serve
as specific markers for the leading and lagging strands, respectively.

To assess whether transcriptional proteins were bound to the leading
and lagging strands, we performed multiplex CAA with antibodies to
transcription proteins and Pol € (Fig. 3a) and FEN1 (Fig. 3d). We found
thatalarge number of CAA signals for both major forms of phosphoryl-
ated Pol I, TBP and SPT4 overlap with the CAA signals between Pol e and
EdU (Fig.3b,c), aswell as CAA signals between FEN1and EdU (Fig. 3e,f).
The percentage of overlap for all tested transcription proteins with
both Pol e and FEN1was approximately 4% (Fig. 2c,f), although alarge
number of closely spaced signals were also observed. The number of
overlapping signals was half that for PCNA, potentially because only
half of these proteins can be transferred from the parental strand to
each of the daughter strands of nascent DNA. Together, the results of
multiplex CAAwith Pol e and FEN1show that initiating and elongating
Polll, theinitiation protein TBP, and the DSIF component SPT4 are all
associated with both leading and lagging strands immediately after
the passage of the replisome.

Pol Il binds to sites on new DNA strands

To understand whether Pol Il associates with the same regions of
active genes after replication, we performed sequential chromatin
immunoprecipitation (re-ChlP) assays with BrdU-labelled nascent
DNA’? (Extended Data Fig. 4a). BrdU re-ChIP assays following 25 min
and 40 min of BrdU labelling detected Pol Il at the same upstream and
downstreamregions of active genes GAPDH, PPIA and TNFAIP3, but not
at the repressed gene GFAP, as it was detected by conventional chro-
matinimmunoprecipitation (ChIP) assays (Extended Data Fig. 4b-e).
These experiments support the results of the CAA assays and suggest
that Pol Il associates with the same regions of active genes within at
least 25 min following DNA replication.

The BrdU re-ChlIP assay”* requires about 20 min of DNA labelling.
Therefore, to determine whether Pol Il is present at specific regions
of active genes on DNA immediately after replication, we performed
re-ChlP assays firstimmunoprecipitating for Pol lland then for the rep-
lication protein PCNA”. PCNA is quickly removed from DNA following
passage of the replication fork (Extended Data Fig. 6b) makingitagood
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Fig.4 | Polll associates with DNA immediately following passage of the
replication fork. a, Schematic representation of re-ChIP assays. Chromatin
was firstimmunoprecipitated for Pol I, and then subsequently precipitated for
either PCNA, FEN1 or Pol €. As previously demonstrated’, single-stranded DNA
fragments ahead of the replication fork are destroyed by sonication; the
recovered fragmentsrepresent100-200 bp stretches of nascent DNA
(Extended DataFig.5). Recovered DNA was analysed by quantitative PCR
(qPCR).IP,immunoprecipitation. b, Re-ChIP with PCNA and Pol Il. Top, ChIP
foreither PolllorlgGatthe genesindicated in Extended Data Fig. 4b. Bottom,
re-ChIP of samples firstimmunoprecipitated for Pol Il. Following elution,
Polllsamples were re-immunoprecipitated for PCNA or IgG. Following DNA

biochemical marker for bothstrands of nascent DNA in re-ChIP assays. In
the previous study’, and in the current work, we found thatimmunopre-
cipitation with PCNA pulls down DNA fragments of about 100-200 bp
(Extended DataFig. 5a,b, left). Treatment with the single-stranded spe-
cific S1 nuclease (Extended Data Fig. 5c) did not change the size of the
PCNA-immunoprecipitated fragments (Extended DataFig. 5a,b, right),
suggesting that single-stranded DNA in front of PCNA was not present
in the immunoprecipitated material, probably because it is more sus-
ceptible to sonication. Thus, this re-ChIP assay determines whether a
protein ofinterestis bound to nascent DNA within100-200 bp following
passage of thereplisome, which giventhe rate of replication corresponds
to nascent DNA synthesized within a few seconds after replication.
We found that PCNA was associated with all tested regions, albeit at
low levels (Extended Data Fig. 6a). This is expected since PCNA moves
across every region of the genome once per cell cycle’. In the re-ChIP
experiments with PCNA (Fig. 4a), Pol Il was detected at both upstream
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Following DNA purification, samples were analysed by qPCR. b-d, Dataare
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and downstream replicating regions of the three active genes, but
not at a repressed gene (Fig. 4b, bottom). Similarly, re-ChIP assays
(Extended DataFig. 6¢) showed that SPT4 is associated with the same
nascent upstream and downstream regions of the same three genes,
butnotat therepressed gene. Since the examined downstreamregions
(regions 2,4, 6 and 8; see Extended Data Fig. 4b for primer map) are far
enough from the transcription start site (TSS), detection of Pol Il and
SPT4 by PCNA re-ChlIP (Fig. 4b and Extended Data Fig. 5¢) precludes
thatdownstream Pol Il and SPT4 binding is the result of anew round of
transcriptional initiation, but rather suggests that the elongating Pol II
complex re-associates with DNA within the gene body within several
seconds after the passage of the replication fork. These results imply
that Pol Il and SPT4 associate with nascent DNA within 200 bp of the
replication fork.

To confirm these results and to assess whether Pol Il re-associates
with specific generegions onthe leading and lagging strands of nascent



30 min BrU — 10 min EdU — chase (as indicated)

Chase (min): No BrU
After replication (mln) 10

m’G
2)_/- 1

EdU

DAPI

mRNA synthesized d
prior to repllcatlon

10 min EdU — chase (as indicated) — 15 min BrU

Chase (min): No BrU 0 2
After replication (min) 10 25 35 45

EdU
DAPI

S2P/EdU
S2P/BrU

15

o

o

Average number
of PLA signals
per nucleus

0
Chase (min): No BrU 0 10 20 30
After replication (min): 10 10 20 30 40

e IP: PCNA h

GST pull-down

2
kDa ¢£
250 - m
250- py

o
= Rpb1 total
=~ RpbiS2P
Rpb1 S5P
Rpb2
Rpb7
Rpb9
Rpb11
SPT5
SPT4
PCNA

PCNA
IS
S
i

Input
Average number of PLA signals per nucleus

%
KDa £ G
250 - =

250 -

| asT-PCNA

Rpb1 total
Rpb1 S2P
Rpb1 S5P

250-wm =

o
I

100-

20— = = 250 -

15—
15 = jw =

150 — =
15—

Pol Il S5P

25-~ ®

g IP:S5P

19G
Input
P

kDa
37- —

250 == ™

19G
Pol Il S2P

PCNA
Rpb1 total
Rpb1 S2P
Rpb2

PCNA
Rpb1 total
Rpb1 S5P
Rpb2

i rwP

Time (min): UT 25 45 65 90 120 150 180
CAA signal (% of untreated)

250- = ™
150-

N
a
=]

[

I m

S2P/EdU

55

HKokkok

S2P/BrU

-
o

-
o

per nucleus

Average number
of PLA signals
[4)]

Time (min): UT 25 45 65 90 120 150 180

Rpb7
Rpb9
Rpb11

20- =
15- = =
15 =

Rpb7
Rpb9
Rpb11

20— -

PCNA 100 958 733 64.3 50.1 30.4 136 7.7
15 -

Pol 11 S5P 100 84.9 52.1 41.6 24.9 142 88 3.7
Pol Il S2P 100 83.7 54.0 46.4 26.5 13.6 7.0 55

15= s o

0
Chase (min): No BrU 0 10 20 30
After replication (min): 10 25 35 45 55
NS
NS k
_ ok o
80 Hkokk RNA
60 psF ™ DSIF
b —
5 0404
o
3 20 4 Pol Il S5P PolIIS2P  PCNA
El
€ mRNA
g o DSIF
287 — NS
S L o DSIF Pol Il S2P
o 2 60 1 Sk s
& il
2 < 404 ok
sz e Pol Il S5P PCNA
a S g4
3 DSIF
Qo
E 0- mRNA
2 40+ NS Pol Il S5P DSIF
S e sk
o g 301
&z PCNA Pol Il S2P
L < 204
s RNA
o 109 DSIF m DSIF
0
Release (h): UT 0 2 3 4
CAA signal (% of untreated) PCNA  Pol Il S5P Pol Il S2P
Release (h): UT 0 2 3 4
PCNA 100 3.1 87.1 1058 100.2
PollIS5P 100 2.4 454 708 935
PollIS2P 100 51 50.8 644 9438

Fig.5|Immature RNAs remain associated with Pol Il during replication and
Polll transfer to nascent DNA may be mediated by interaction with PCNA.
a, Cellswerelabelled with BrU and EdU, and chased asindicated. b, Scheme
depictingmultiplex CAA with Pollland immature RNA. PLA reactions were
betweennascent DNA and PollIS2P (red), Pol [1S2P and BrU-labelled RNA (green).
¢, STED images of multiplex CAAdescribedinb. d, Cells were labelled with EAU,
chased asindicated, and labelled with BrU. e-g, Co-immunoprecipitation of
nuclear extracts with PCNA (e), Pol [1 S2P (f) and Pol 11 S5P (g) antibodies. h, GST
pull-down of nuclear extracts with GST-PCNA or GST.In e-h, membranes were
immunoblotted forindicated proteins. Datashown are representative of three
independentexperiments. For blot source data, see SupplementaryFig.1.i, Cells
wereuntreated (UT) or treated with PCNA-I1 for indicated times. j, Cells were

DNA, we developed re-ChIP assays for Pol € and FEN1. The results of
these experiments suggest that immediately after replication, Pol Il
associates onboth strands of nascent DNA with the same upstream and
downstream regions of active genes as it was associated on parental
DNA (Fig. 4c,d). Theresults of the re-ChIP assays with PCNA, Pol e and
FENI1 confirm the results of the multiplex CAA assaysinthat RNA Pol Il
and other elongational proteins are able to re-associate in afew seconds
on both strands of nascent DNA. We suggest that the replisome may
only transiently displace components of the general transcriptional
and elongation machinery, and that they may be re-directed to both
strands of nascent DNA.

RNA is bound to Pol Il on nascent DNA

Findingthat the elongationally active form of Pol Iland the elongation
complex DSIF are associated with short nascent DNA raises two related
questions. First, regarding the fate ofimmature RNAs that were being
synthesized by Pol Il just before replication; and second regarding when

untreated or treated for 3 hwith PCNA-I1. PCNA-I1 was washed out as indicated.
Ini,j, CAAwas performed forindicated proteins; signal was compared to the
untreated condition (bottom). a,d,i,j, Dataare mean +s.d. (n=3independent
experiments). The number of nuclei examined over 3independent experiments
were:323(a); 606 (d); PCNA:344, S5P: 291, S2P: 340 (i); PCNA: 210, S5P:192,
S2P:185 (j). One-way ANOVA with Tukey’s post hoc test. k, Proposed model for
Polll transfer from parental to nascent DNA. As DNA polymerase moves head-
ontowards the Polllcomplex, itis displaced from DNA, but maintained at the
replisome by interactions between PCNA and Pol 1. Pol Il rebinds nascent
DNAimmediately following replication and resumes transcription. NS, not
significant. Scale bars:10 pm (a,d) and 400 nm (). *P<0.05,**P<0.01,
**P<0.001,****P<0.0001.

transcription resumes on the new strands of DNA after replication.
Toaddress theseissues, we adapted the PLA-based RNA-DNA interac-
tionassay (RDIA) that detects the proximities of RNA labelled with BrU
and nascent DNA labelled with EdU*%.

First, to assess whether immature transcripts are retained during
the passage of thereplication machinery, nascent RNAs were labelled
with BrU, DNA was labelled with EdU, and then cells were chased for
various times. This order of labelling enables us to assess whether
transcripts being synthesized before the passage of the replication
complex remain in the vicinity of newly replicated DNA. As shown
in Fig. 5a, nascent transcripts remain in close proximity to nascent
DNA following replication. These RNAs are not the result of a new
round of transcription, since inhibition by THZ-1 or DRB did not
affect association of the BrU-labelled RNAs with EdU-labelled DNA
(Extended Data Fig. 7a). These results imply that immature RNAs
synthesized prior to passage of the replication fork are not aborted
from the elongational form of Pol Il S2P during the passage of
thereplisome.
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To examine this possibility, we used a different version of multi-
plex CAA, which incorporates analysis of RNA-protein interactions.
The first PLA reaction was between nascent DNA and Pol 11 S2P (red),
andthe second PLA reaction was between Pol IIS2P and immature RNA
synthesized prior toreplication (green) (Fig. 5b). Given that multiple S2
residues are phosphorylatedin the heptad repeats of the CTD of Pol I,
several antibodies canindependently bind to the same Pol 11 S2P mol-
ecule making this experiment feasible. As shownin Fig. 5c, we observed
that about 20% of the BrU Pol I S2P signals (green) (an average of 22
signalsin multiple nuclei) overlap with nascent DNA-bound Pol Il (red)
signals. These results suggest that immature transcripts observed by
RDIA (Fig. 5a) are indeed associated with the elongationally engaged
Pol Il complex bound to nascent DNA.

Rapid resumption of RNA synthesis

To determine the kinetics of resumption of transcription on nascent
DNA, cells were pulse-labelled with EdU for 10 min, and after various
chase times, nascent RNA was labelled with BrU, followed by PLA.
PLA signals were first detected at 25 min of combined labelling with
EdUand BrU and their number further increased at subsequent times
post-replication. This suggests that transcription resumes at least
as early as 25 min following replication, but it is possible that it may
resume even earlier (Fig. 5d).

We observed that the number of PLA signals forimmature RNA begins
to dissipate as early as 20 min after replication (Fig. 5a). Remarkably,
the timing of the dissipation of signals forimmature RNAs (20 min
after replication) (Fig. 5a) and resumption of new transcription on
nascent DNA (25 min after replication or earlier) (Fig. 5d) was very close,
suggesting that these transcripts may begin to dissociate from DNA
potentially after completion of their synthesis. Given that we detected
Polllonveryshortstretches of nascent DNA inthe downstreamregions
ofactive genes (Fig.4),and observed Pol 11 S2P colocalizing with PCNA
(Fig.2d), Pol eand FEN1 (Fig. 3b,d), these results may suggest that RNA
synthesis resumes on both strands of daughter DNA.

Polll transiently interacts with PCNA

Our results suggest that Pol Il complexes areretained in the vicinity of
the replication fork and re-associate with their sites on nascent DNA
withinseconds after the passage of the replication complex. Mechanis-
tically, this may occur through transient protein-proteininteractions
between transcription and replication complexes during replisome
progression. We examined whether retention of Pol Il at the replication
fork is mediated by phase condensates. However, in the CAA experi-
ments, 1,6-hexanediol, which disrupts most interactions known to
drive the formation of liquid-liquid phase separation® (LLPS) did not
affect association of Pol Il with nascent DNA (Extended Data Fig. 7b).
Although some other, 1,6-hexanediol-resistant types of LLPS, may
also be involved?, it seems unlikely that LLPS has a major role in the
retention of Pol Il in the vicinity of the replication foci.

Another possibility is direct protein-protein interactions between
Pollland the replisome. We found that PCNA co-immunoprecipitates
with several core components of the Pol Il complex, Rpbl, Rpb2, Rpb7,
Rpb9 and Rpb1l, as well as the DSIF components SPT4 and SPTS5, sug-
gesting that the entire core Pol Il complex and associated factors may
interact with the replisome. PCNA-immunoprecipitated material con-
tained S2P and S5P phosphorylated forms of the largest Pol Il subunit
Rpbl, but not the unphosphorylated Pol Ilisoform (Fig. 5e). Ethidium
bromide did not cause loss of Pol Il following anti-PCNA immunopre-
cipitation (Extended Data Fig. 7c), suggesting that this interaction is
DNA-independent?®. Inreciprocal experiments, we found that Pol 11 S2P
and S5P antibodies each co-immunoprecipitated PCNA together with
core components of the Pol Il complex (Fig. 5f,g). Further, GST-PCNA
fusion protein specifically associated with the hyperphosphorylated
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forms of Pol Il in nuclear extracts (Fig. Sh). This suggests that PCNA,
whichisassociated with both strands of replicating DNA and is known
to interact with multiple proteins®**, is a replisome component that
directly interacts with the Pol Il complex.

To examine a potential causal link between PCNA and the detected
association of Pol Il with short nascent DNA, we used the PCNA inhibi-
tor PCNA-I1, which affects PCNA trimerization®. CAA experiments
showed thatincreasing times of treatment with PCNA-I1led to agradual
decrease in association of PCNA and to a more profound decrease in
association of both Pol 1 S2P and S5P with nascent DNA (Fig. 5i). Notably,
this decrease beginning at 45 min of treatment was before loss of EAU
labelling (Extended Data Fig. 7d) suggesting that the decrease is not
duetoloss of EdU available for CAA. Inreciprocal experiments, when
complete inhibition of PCNA association with chromatin by PCNA-I1
was reversed by washing out this inhibitor, association of PCNA and,
subsequently, association of both phosphorylated Pol Ilisoforms was
restored (Fig. 5j). These results strengthen the results of the protein
interaction assays and provide a functional link between PCNA and Pol I1
atthe time of DNA replication.

Discussion

Theresults presented here suggest anew epigenetic paradigm by intro-
ducinganovel mechanism of bookmarking of the active state of genes
through DNA replication. The field has long accepted that because
PolIlis evicted during mitosis, the bookmarking by transcription fac-
tors is necessary®>*. It is a widely held belief that eukaryotic Pol Il is
evicted during DNA replication, although it remains unknown, and
studies in prokaryotes have given differing results® 3¢, Based on this
notion, modified histones** are considered to be epigenetic marks.
More recently, histone-modifying complexes were also implicated
as putative epigenetic marks during S phase’®*% These theories are
based onthe assumption that active Pol Il complexes dissociate during
replication, and that transcription resumes after some time following
chromatin rebuilding, which is triggered by presumptive epigenetic
marks"?. Experimental support for this theory is limited to detection of
PolIIS5P on nascent chromatinin 30 min post-replication by chromatin
occupancy after replication with sequencing (ChOR-seq), which also
led to the postulation that this timing reflects restoration of transcrip-
tion on nascent DNA®, However, labelling with EdU used in ChOR-seq,
similar to BrdU re-ChIP shownin Extended Data Fig. 4, limits this assay
to10-20 min after DNA replication, and the only firm conclusion that
canbe drawn fromthese results is that Pol Il is associated with its target
genes within 30 min or less after replication.

The results of our work suggest that active Pol Il in complex with
RNA and accompanying factors remains in the vicinity of the replica-
tion complex. Mechanistically, retention of the Pol Il complex near
the replication fork may rely on direct protein interactions between
PCNA and the Pol Il complex, although the details of this interaction
remain unknown. Once replicationis complete, Pol Il quickly binds to
both strands of nascent DNA within only few hundred base pairs from
the replication fork. Our data also suggest that synthesis of new RNA
resumes shortly after replication, and may involve completion of syn-
thesis ofimmature RNAs that are associated with Pol Il (Fig. 5k). Further
investigations by methods specifically monitoring directly the transfer
of Pol Il over the replication fork will be required to finally determine
whether and how much old and new Pol Il complexes associate with
nascent leading and lagging DNA strands.

The possibility of quick rebinding of Pol Il to nascent DNA was sug-
gested by spatial colocalization of replication and transcription fac-
tories®, although subsequent studies of nuclear factories provided
conflicting results showing these two processes may be spatially
separated in the nucleus*®™*2, Resumption of synthesis of immature
RNAs is supported in the study of common fragile site instability in
long human genes*, where it was found that the time of synthesis of



very large mRNAs is longer than the entire cell cycle, and therefore
synthesis of immature RNAs has to be completed after replication®.
However, the putative mechanism of resumption of immature RNA
synthesis is unknown and may require identification of a helicase to
generate atranscription bubble, such as the XPB helicase component
of TFIIH at the promoters*. Whereas XPB does not travel with Pol Il
duringtranscription elongation, other helicases—that s, senataxin and
RECQS5—have been shown to function at later stages of transcription
and to associate with DNA replication. The DNA/RNA helicase sena-
taxinisinacomplex thatinteracts with Pol lland remove R-loops that
formduring transcription termination. Senataxin also associates with
replication forks and facilitates replisome progression by preventing
the accumulation of DNA-RNA hybrid when forks encounter nascent
transcripts®*. The DNA helicase RECQS5 regulates homologous recom-
bination, co-purifies with PCNA, and is also shown to directly bind to
RNA Pol Il and to negatively regulate transcription elongation*. It is
therefore possible that these helicases may function in the formation
ofatranscriptionbubble onnascent DNA withingene bodies. Itisalso
possible that resumption of transcription for some genes may not occur
duringthe S phase, asit was shown thatactive TSSs of about 400 genes
are duplicated only during the G2/M phase®.

Insummary, the results of this study suggest a view of the transition
between the transcriptional gap phases (G1to G2) with only a very
short interruption of RNA synthesis during replisome passage over
aparticular genomicregion. This presents anew model for the epige-
netic transmission of cell state identity. As the transcriptional machin-
ery is only momentarily displaced by the replisome, no additional
epigenetic bookmarking by components of chromatin is required
during S phase.
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Methods

Cell culture and DNA labelling for CAA experiments

H1299 (human non-small cell lung cancer) cells were grown in DMEM
supplemented with 10% fetal bovine serum (FBS; Gemini) and 2 mM
L-glutamine (Corning). GM22737 (human lymphoblastoid) cells were
grown in RPMI supplemented with 10% FBS and 2 mM L-glutamine.
Cells were tested and shown to be free of mycoplasma contamina-
tion. Allshown CAA and RDIA results are for H1299 cells; similar results
were obtained in some experiments with GM22737 cells. For CAA and
RDIA experiments, cells were trypsinized, plated on chamber slides
and grown for two days. Cells were then pulse-labelled with medium
containing 10 pM 5-ethynyl-2’-deoxyuridine (EdU, Invitrogen) and
then chased with label-free medium. Cells were fixed for 12 min with
3.7% formaldehyde, washed with 1x phosphate buffered saline (PBS),
permeabilized for 10 min with 0.25% Triton X-100, and washed with PBS.

Click reaction

In preparation for the click reaction, cells were briefly blocked with
1% bovine serum albumin (BSA). In order to conjugate biotin to EdU,
cells were then subjected to click reaction in 0.1x PBS containing (in
the following order): copper (11) sulfate (final concentration 2 mM;
Acros Organics), biotin azide (final concentration 5 uM; Invitrogen),
and freshly prepared L-ascorbic acid sodium salt (final concentration
10 mM; Acros Organics) for 30 min at room temperature. Samples
were washed with PBS and blocked for 30 min with 1x western block-
ing reagent (Roche) in PBS containing 1.5% donkey serum. Primary
antibodies to the protein of interest and to biotin were diluted in 1x
western blocking reagent and 0.01% Triton X-100 and incubated with
samples overnight at 4 °C.

Chromatin assembly assay and immunostaining

CAA was performed as described”®. Following overnight incubation
with primary antibodies, cells were washed for 20 min with PBS. The
PLA (Millipore Sigma) was performed as described by the manufacturer
using 15 pl of reagents per spot. The two PLA secondary antibodies,
anti-mouse PLUS and anti-rabbit MINUS, were diluted 1:5in 1x western
blocking reagent and added to samples for 1 h at 37 °C. Samples were
then washed for 10 min in Duolink Il wash buffer A (10 mM Tris-HCI
(pH7.4),150 mMNaCl, and 0.05% Tween-20). The ligation reaction was
performed by diluting the ligation reaction buffer 1:5in water, adding
ligase enzyme (1:40), and incubating samples for 30 minat 37 °C.Sam-
pleswerewashed for 10 minin wash buffer A, and then the amplification
reaction was performed by diluting the amplification reaction buffer
1:5in water and supplementing it with polymerase (1:80) and added
to samples for 100 min at 37 °C. Samples were then washed in PBS.

Following PLA, biotin was counterstained with anti-mouse IgG con-
jugated to Alexa Fluor 488 and anti-biotin conjugated to Alexa Fluor
488inorder toidentify replicating nuclei. Samples were washed with
PBS and mounted with Vectashield containing DAPI (Vector).

The following antibody dilutions were used for IF and PLA: mouse
monoclonal anti-Pol Il (Santa Cruz Biotechnology, sc-55492) at 1:50,
rabbit polyclonal anti-Pol Il PS2 (Bethyl Laboratories, A300-654A) at
1:750, rabbit polyclonal anti-Pol Il PS5 (Abcam, ab5131) at 1:10,000, rab-
bit monoclonal anti-TBP (Cell Signaling Technology, 44059) at 1:1,000,
rabbit polyclonal anti-cyclin T1(Santa Cruz Biotechnology, sc-10750) at
1:100, rabbit polyclonal anti-CDK9 (Santa Cruz Biotechnology, sc-484)
at 1:100, rabbit monoclonal anti-SPT4 (Cell Signaling Technology,
64828) at 1:1,000, rabbit polyclonal anti-SPT5 (Millipore, ABE443)
at1:1,000, rabbit polyclonal anti-biotin (Abcam, ab1227) at 1:1,000,
mouse monoclonal anti-biotin (Jackson ImmunoResearch, 200-002-
211) at1:1,000, donkey anti-rabbit Alexa Fluor 488 secondary (Jackson
ImmunoResearch, 711-545-152), donkey anti-mouse Alexa Fluor 488 sec-
ondary (Jackson ImmunoResearch, 715-545-150) and mouse anti-biotin
Alexa Fluor 488 secondary (Jackson ImmunoResearch, 200-542-211).

Direct PLA experiments with FENL, Pol €, and PCNA were performed
similarto CAA, but without EdU labelling and click reaction. PLAreac-
tions were: rabbit anti-FEN1and mouse anti-Pol €, rabbit anti-FEN1and
mouse anti-PCNA, and mouse anti-Pol € and rabbit anti-PCNA. Antibod-
ies used were: rabbit polyclonal anti-FEN1 (generated for this Article)
at1:500, mouse monoclonal anti-PCNA (Cell Signaling Technology,
2586) at 1:1,000, mouse monoclonal anti-DNA Pol € subunit 3 (Novus
Biologicals, HO0054107-B0O2P) at 1:30, and rabbit polyclonal anti-PCNA
(this paper) at 1:1,000.

RNA-DNA interaction assay

To assess resumption of transcription, cells were labelled for 10 min
with 10 uM EdU and chased as indicated. Following the chase, nascent
RNA was labelled for 15 min with 5 mM 5-bromouridine (BrU; Sigma
Aldrich, 850187). To assess the stability of transcripts, RNA was labelled
for 30 min with 5 mM BrU, DNA was labelled for 10 min with 10 uM
EdU, and cells were chased in label-free medium. Following labelling,
samples were fixed and permeabilized as described above. For RDIA
experiments, the click reaction was performed twice for 15 min each,
and samples were subsequently washed and blocked as above. Sam-
ples were incubated at 4 °C overnight in primary antibodies, and PLA
was performed the following day as described above. Antibodies for
RDIA wererabbit polyclonal anti-biotin (Abcam, ab1227) at 1:1,000 and
mouse monoclonal anti-BrdU (clone: MoBu-1; Santa Cruz Biotechnol-
ogy, sc-51514) at 1:50. The full protocol is in refs. 24,25.

Inhibitors

H1299 cells were incubated in medium containing either 0.4 uM THZ-1
(Selleckchem, S7549), 2 uM TPL (Tocris, 3253), or 200 uM DRB (Sigma
Aldrich, D1916), or left untreated as a control. Following treatment
cells were either collected and western blotted for Pol II S5P and Pol II
S2P, or were labelled for 10 min with 10 uM EdU in the presence of
inhibitors, fixed, and assessed by CAA, as described above. For RDIA
experiments, cells were labelled with 5mM BrU and thenincubated in
medium containing 10 uM EdU and either 0.4 pM THZ-1, or 200 pM
DRB, or left untreated as a control. Following EdU labelling, cells were
fixed and RDIA was performed as described above.

For1,6-hexanediol experiments, a20% v/v solution of 1,6-hexanediol
(SigmaAldrich, 240117) was prepared in cell culture medium and then
further diluted to either 2% or 3%. Cells were incubated for 15 minin
the medium containing1,6-hexanedioland 10 uM EdU for 15 min, then
were fixed and assessed by CAA as described above.

For PCNA-I1 (Cayman Chemical, 20454) experiments, cells were
treated at 3 pM for the indicated times, incubated for 10 min in the
medium containing PCNA-I1and 10 pM EdU, and then fixed and assessed
by CAA as described above.

Multiplex CAA

Generation of oligonucleotide-tagged secondary antibodies was
carried out following manufacturer’s instructions (Sigma Aldrich).
For all experiments, donkey anti-rabbit IgG and donkey ant-goat IgG
were conjugated to oligo A and oligo B, respectively, which generates
ared PLA signal. For experiments assessing proximity of biotin, Pol Il
S2P, and BrU, donkey anti-rabbit IgG and donkey anti-mouse IgG were
conjugated to oligo H and oligo I, respectively, which generate a PLA
signalin far red. For experiments assessing proximity of two proteins
with biotin, donkey anti-goat IgG and donkey anti-mouse IgG were
conjugated to oligo H and oligo I, respectively.

For multiplex CAA with two proteins, cells were pulse-labelled with
75 UM EdU. For multiplex CAA with nascent RNA and DNA, RNA was
labelled for 30 min with 5mM BrU and then DNA was labelled for 10 min
with 75puM EdU. Cells were then fixed, permeabilized, conjugated with
biotin and blocked as described above for CAA. Primary antibodies
were added and incubated overnight at 4 °C. Secondary antibodies
diluted 1:100 in 1x western blocking reagent were added to samples



andincubated for1hat37 °C.Samples were washed in Duolink Ilwash
buffer A. The ligation reaction was then prepared by diluting the liga-
tion reaction buffer 1:5 in water and adding ligase enzyme (1:20), and
incubating samples for 30 minat 37 °C. Samples were washed for 10 min
inwash buffer A, and then the amplification reaction was prepared by
diluting the amplification reaction buffer 1:5 in water and supplement-
ingitwith polymerase (1:40) and added to samples for 100 minat 37 °C.
Samples were washed for 10 minin wash buffer A, and then the detec-
tionreagent was prepared by diluting the dilution reactionbuffer1:5in
water. The detection solution was added to the samples and they were
incubated for 100 minat37 °C.Samples were washed with PBS. Samples
were then stained with anti-goat IgG conjugated to Alexa Fluor 488 and
anti-biotin conjugated to Alexa Fluor 488 to identify replicating nuclei.
Slides were mounted in ProLong Glass Antifade Mountant (Invitrogen)
and covered withano. 1.5 coverslip in preparation for STED imaging.

Primary antibody dilutions for transcriptional proteins were the
same as forregular CAA. Additional antibodies for multiplex CAAwere:
goat polyclonal anti-biotin (Vector Laboratories, SP-3000) at 1:1,000,
mouse monoclonal anti-PCNA (Cell Signaling Technology, 2586) at
1:1,000, mouse monoclonal anti-Pol € subunit 3 (Novus Biologicals,
H00054107-B02P) at 1:30, mouse monoclonal anti-FEN1 (Novus Bio-
logicals, NB100-150) at 1:30, and anti-goat Alexa Fluor 488 secondary
(Jackson ImmunoResearch, 200-542-211).

EdU immunofluorescence quantification

To assess EdU labelling, images were captured at the same exposure
time. Then, fluorescence intensity of EQU labelling was quantified
using ImageJ*°. Nuclei were traced and thenintegrated density in pixels
was reported. Additionally, background fluorescence from outside
of cells was measured. Corrected total cell fluorescence (CTCF) was
calculated using the formula CTCF = integrated density - (area of
the nucleus x mean fluorescence of the background) as previously
described™. CTCF was is reported as mean + standard deviation.

Microscopy

CAA and RDIA images were acquired using an Olympus BX51 micro-
scope equipped with a x100 objective. The microscope is mounted
with a RETIGA 3000 camera and connecting to a computer running
Q-Capture Pro7 software.

STEDimages were acquired using aLeica TCS SP8 STED 3X confocal/
super-resolution microscope equipped with a x100 STED objective.
Images were captured using HyD detectors. Far red PLA (excitation at
646 nm) and red PLA (excitation at 593 nm) were both depleted using
the 775 nm STED depletion laser with the following settings: gating
at 0.5 to 6 ms, pinhole of 0.75 Airy units, and 50% gain. Images were
acquired using three times line averaging, an imaging speed of 400
Hz,and animage format of 2,048 by 2,048. Images were subsequently
deconvoluted using Leica’s Lightning software.

ChIP

Approximately 5 million GM22737 cells were used per ChIP experi-
ment. Cells were crosslinked in 1% formaldehyde (16% methanol-free
stock, Fisher) for 10 min while rocking at room temperature. Following
crosslinking, samples were quenched by adding glycine to afinal con-
centration of 0.18 Mand rocking for five minutes at room temperature.
Cellswere collected by centrifugationat1,000 rpm for 5 minat4 °C,and
thenwashed 3 times with cold PBS. Nuclei were thenisolated by resus-
pending in nuclear extraction buffer A (20 mM HEPES-KOH (pH 7.5),
10 mM EDTA, 0.25% Triton X-100, and protease inhibitors (Roche)),
rocked for 10 min at 4 °C, and pelleted at 1,300g for 10 min at 4 °C.
The pellet was resuspended in nuclear extraction buffer B (50 mM
HEPES-KOH (pH 7.5),150 mM NaCl,1mMEDTA, and protease inhibitors),
rocked for10 minat4 °C, and then nuclei were collected by centrifuga-
tionfor10 minat1,300gat4 °C. Nuclei were resuspended in sonication
buffer (10 mM Tris-HCI (pH 8.0), 100 mM NaCl,1 mM EDTA, 0.5 mM

EGTA, 0.1% sodium deoxycholate, 0.5% N-lauroylsarcosine, 0.1% SDS,
and protease inhibitors) and allowed to incubate onice for 10 min.
Samples were then transferred to sonication tubes and sonicated until
the average fragment size was lessthan 500 bp. Triton X-100 was added
to afinal concentration of 1% and samples were spun at max speed
for 10 min at 4 °C. The supernatant was collected, 5% was stored as
input material, and the rest was applied to Protein A/G magnetic beads
(MedChemExpress) pre-bound to antibodies and allowed to incubate
overnight at4 °C with rocking.

The following day the beads were washed with 1 ml of each of the
following chilled buffers: low salt immune complex wash buffer
(20 mM Tris-HCI (pH 8.1), 150 mM NaCl, 2 mM EDTA, 1% Triton X-100,
0.1%SDS), LiClimmune complex wash buffer (10 mM Tris-HCI (pH 8.1),
250 mMLiCl,1mMEDTA, 1% NP-40,1% deoxycholate), and twice with TE
(10 mM Tris-HCI (pH 8.0), 1mM EDTA). Following washes, material was
eluted by rocking for 15 min at room temperature in 250 pl of elution
buffer (0.1M sodium bicarbonate, 1% SDS). This was repeated and the
two eluates were combined for afinal volume of 500 pl. Following addi-
tionof 10 pl5MNaCl, 10 pl 0.5MEDTA, and 20 pl 1M Tris-HCI (pH 6.8),
crosslinking was reversed by incubating at 65 °Cfor 16 hin the presence
of 2 pg proteinase K. DNA was then purified by phenol/chloroform
extraction and ethanol precipitation, and analysed by real-time PCR.

Re-ChIP

BrdU re-ChlP assays were performed as previously described’? using
approximately 20 million cells per experiment. Cells were labelled with
200 pM BrdU, crosslinked, and ChIP was performed as described above.
Following DNA purification, DNA pellets were resuspended in 480 pl
of TE and 5% of material was saved to serve as input for the second
immunoprecipitation. Then, 100 pg salmon sperm DNA (Invitrogen)
was added, samples were boiled for 5 min and then were cooled onice
for 2 min. Then, 50 pl of 10x adjusting buffer (110 mM sodium phos-
phate buffer (pH7.0),1.52 M NaCl, 0.55% Triton X-100), 10 pl of 10% BSA
(Sigma), and 2 pg of anti-BrdU antibody were added, and samples were
rocked for 20 min at room temperature. Following incubation with
anti-BrdU antibody, 35 pg of rabbit anti-mouse IgG was added to each
sample, and allowed to incubate for 20 minat room temperature with
rocking. Antibody-DNA complexes were then pelleted by centrifuga-
tionat maximum speed for15 minat4 °C. The pellet was washed 3 times
with 1x adjusting buffer (11 mM sodium phosphate buffer (pH 7.0),
152mMNacCl, 0.055% Triton X-100), and then resuspended in 0.5 ml of
re-ChlIP lysis buffer (50 mM Tris-HCI (pH 8.0),10 mM EDTA, 0.5% SDS,
2 pg proteinase K) and incubated for 8 h at 55 °C. DNA was purified by
phenol/chloroform extraction and ethanol precipitation, and then
used for qPCR.

PCNA re-ChlIP assays were performed similar to previously des-
cribed’ using approximately 75 million cells per experiment. Cells were
crosslinked and immunoprecipitated as described above using anti-
PolIl, anti-SPT4, or anti-IgG as a negative control. Protein-DNA com-
plexes were eluted in 35 ul TE supplemented with 50 mM DTT and 0.125%
SDS at 37 °C for 25 min. The elution was repeated and the two eluates
were combined (total volume 70 pl) and diluted 15-fold in re-ChlIP dilu-
tion buffer (15mM Tris-HCI (pH 8.1),150 mM NaCl,1mMEDTA, 1% Triton
X-100), supplemented with 10 pg salmon sperm DNA and 0.2% BSA.
Five per cent of material was saved as ChIP material, and the rest was
dividedinhalf and incubated overnight at 4 °C with either biotinylated
anti-PCNA, biotinylated FENI, biotinylated Pol €, or biotinylated-IgG.
(Antibodies were biotinylated with Pierce Antibody Biotinylation Kit
for IP according to manufacturer’s instructions.) The following day,
complexes were captured by incubation with streptavidin magnetic
beads (Pierce) for 2 h at room temperature. Complexes were washed,
eluted, and reverse-crosslinked as described above for ChIP. DNA was
purified by phenol/chloroform extraction and ethanol precipitation,
and analysed by qPCR. Re-ChIP experiments were performed in bio-
logical duplicate.
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ChIP and re-ChIP experiments were performed using the follow-
ing antibodies: rabbit monoclonal anti-Rbpl NTD (Cell Signaling
Technology, 14958), rabbit monoclonal anti-SPT4 (Cell Signaling
Technology, 64828), mouse monoclonal anti-BrdU (BD Bioscience,
555627), rabbit polyclonal anti-mouse IgG (Jackson ImmunoResearch,
315-005-003), rabbit polyclonal anti-PCNA (this paper), rabbit poly-
clonal anti-FEN1 (this paper), mouse monoclonal anti-Pol € (Millipore,
MABE966), and rabbit IgG, whole molecule (Jackson ImmunoResearch,
011-000-003).

Sizing and S1 nuclease treatment of PCNA-precipitated
fragments

DNA purified after PCNA ChIP was incubated in the presence of 1U
of Sl nuclease (Invitrogen) for 10 min at 37 °C. In order to ensure that
all single-stranded DNA was degraded, S1 treatment was done in the
presence of the 25 pg of single-stranded viral M13mp18 (New England
Biolabs) which was then assessed by qPCR to determine if digestion
was complete (see Extended Data Fig. 5¢). Following digestion, sam-
ples were incubated for 5 min at 80 °Cin the presence of 10 mM EDTA
toinactivate the Sl nuclease. DNA was purified by phenol/chloroform
extraction and ethanol precipitation, and analysed by qPCR.

Generation of PCNA and FEN1 antibodies

PCNA rabbit polyclonal antibodies were raised to amino acids 10-193
ofthe human protein. FEN1 rabbit polyclonal antibodies were raised to
amino acids 1-301 of the Drosophila protein. See Extended Data Fig. 6d
for western blot validation of these antibodies.

Co-immunoprecipitation

GM22737 cells were collected by centrifugationat1,000 rpm for 5 min
at4 °C, and then washed 3 times with cold PBS. The cell pellet was resus-
pended in nuclear extraction buffer A (20 mM HEPES-KOH (pH 7.5),
10mMEDTA, 0.25% Triton X-100, protease inhibitors, and phosphatase
inhibitors (Roche)), and incubated on ice for 10 min. Cells were then
lysed by Dounce homogenization using pestle B for 15 passes, and nuclei
were collected by centrifuging the lysate at 3,500 rpm for 10 minat4 °C.
The nuclear pellet was resuspended in IP lysis buffer (20 mM HEPES,
1mMEDTA, 300 mM Nacl, 0.1% NP-40, 5% glycerol protease inhibitors,
and phosphataseinhibitors) and incubated onice for 10 min followed
by sonication to lyse nuclei. Following sonication, samples were cen-
trifuged at max speed for 10 min 4 °C to pellet debris. The superna-
tant was diluted 1:1in IP lysis buffer without NaCl, such that the final
IP buffer concentration was 20 mM HEPES, 1mM EDTA, 150 mM NacCl,
0.1% NP-40, 5% glycerol, protease inhibitors, and phosphatase inhibi-
tors. Input was saved from this material, and the rest was incubated
overnight at 4 °C with rocking with either with anti-PCNA, anti-Pol I
S5P, anti-Pol S2P, or IgG.

The next day, samples were incubated with magnetic protein A/G
beads (MedChemExpress) for 45 min at 4 °C with rocking in order
to immunoprecipitate complexes. The immunoprecipitated mate-
rial was washed with chilled buffers as follows: twice with IP buffer
(20 MM HEPES, 1 mM EDTA, 150 mM Nacl, 0.1% NP-40, 5% glycerol),
once with high saltIP wash buffer 20 mMHEPES,1mMEDTA,300 mM
NaCl, 0.75% NP-40, 5% glycerol), once with IP wash buffer, and finally
once with PBS. Complexes were eluted by boiling in Laemmli buffer
and analysed by SDS-PAGE and western blotting.

For experiments using ethidium bromide, nuclear extracts were
treated for 30 min on ice with 100 pg/ml ethidium bromide. Samples
were then centrifuged for 5 min at max speed, the supernatant was
transferred to a new tube, antibody was added, and samples were
rocked overnight at 4 °C. Samples were immunoprecipitated with
protein A/G and then washed as described above, except that all wash
buffers contained 100 pg/ml ethidium bromide. Proteins were eluted
by boiling in Laemmli buffer and analysed by SDS-PAGE and western
blotting.

GST pull-down

GST and GST-PCNA were expressed in BL21 cells and purified as
described by manufacturer (GenScript). Nuclear lysates were prepared
asdescribed for co-immunoprecipitation. Lysates pre-cleared by incu-
bation with glutathione resin at 4 °C for 1 h with rocking. Pre-cleared
lysates were then incubated with 30 pg of either GST or GST-PCNA
overnight at 4 °C with rocking. The next day, glutathione resin was
blocked by rocking for 2 hat4 °CinIP buffer containing 0.5% BSA. The
resin was then incubated with GST or GST-PCNA containing lysates
for 30 min at 4 °Cin order to capture GST. The resin was washed as
described for co-immunoprecipitation experiments. Complexes were
eluted by boiling in Laemmli buffer and analysed by SDS-PAGE and
western blotting.

Western blotting

Samples were electrophoresed on a4-20% gradient gel (Bio-Rad) and
thenwettransferred onto PVDF membrane (Millipore). The membranes
were blocked for 30 min with10% milk in Tris-buffered saline containing
Tween-20 (TBS-T; 10 mM Tris, pH 8.0, 150 mM NaCl, 0.2% Tween-20).
The primary antibodies were diluted in 5% milkin TBS-T and incubated
overnight at4 °Cwith rocking. The following day the membranes were
washed thrice with 1% milk in TBS-T and then incubated in secondary
antibody for 1 h at room temperature with rocking. The membranes
were washed thrice in TBS-T and then detected using SuperSignal West
DuraExtended Duration Substrate (Thermo Scientific) andimaged on
aChemiDoc MP Imaging System (Bio-Rad).

The following antibody dilutions were used for western blotting:
rabbit monoclonal anti-Rbp1 NTD (Cell Signaling Technology, 14958) at
1:1,000, rabbit polyclonal anti-Pol Il phospho S2 (Bethyl Laboratories,
A300-654A) at1:3,000, rabbit polyclonal anti-Pol Il phospho S5 (Abcam,
ab5131) at1:3,000, rabbit polyclonal anti-Rpb2 (Active Motif, 61558) at
1:250, mouse monoclonal anti-POLR2G (Rpb7; Santa Cruz, sc-398213),
mouse monoclonal anti-POLR2I (Rpb9; Santa Cruz, sc-398049), mouse
monoclonal anti-POLR2J1/2/3 (Rpbll; Santa Cruz, sc-514129), mouse
monoclonal anti-PCNA (Cell Signaling Technology, 2586) at 1:3,000,
rabbit monoclonal anti-SPT4 (Cell Signaling Technology, 64828) at
1:1,000, rabbit polyclonal anti-SPT5 (Milipore, ABE443) at 1:1,000,
rabbit monoclonal anti-histone H3 (Cell Signaling, 4499) at 1:2,000,
anti-rabbit IgG HRP-linked (Cell Signaling, 7074), and anti-mouse IgG
HRP-linked (Cell Signaling, 7076).

Statistics and reproducibility

Prism software was used for graphing and statistical analysis. Sig-
nificance throughout the paper is indicated as: NS, not significant;
*P<0.05,**P<0.01,*P<0.001,***P<0.0001.

For CAAand RDIA experiments, slides were first examined to make
sure that PLA signals were detected only in the EdU-labelled nuclei.
Next, all EQU-labelled nuclei were examined to make sure that they
contain approximately the same number of PLA signals. Finally, PLA
signals were counted and used for statistical analysis from three
biological replicates. Statistical significance was assessed using a
one-way ANOVA with Tukey’s post hoc analysis or by Student’s two-way,
unpaired t-test.

Multiplex CAA experiments were quantified by counting the number
of overlaps compared to the total number of PLA foci for the given
transcription protein from at least three biological replicates. Distances
between the centres of the foci were measured using the line profiles
toolinthe LasX software. All data are presented as mean +s.d.

Experiments analysed by western blotting were performed in bio-
logical triplicate.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Extended DataFig.1| CAAreactions with1gG control do not generate PLA signals. Cells were labelled for 10 min and PLA was performed using the indicated
antibodiesand anlgG control.Red, PLA, Green, EdU, Blue, DAPI. Scale bar =10 pm. Datashown are representative of 3independent experiments.
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Extended DataFig.2|Detection of RNA Polll on nascent DNA is not the
result ofanewround of transcription. a, Cells were treated for 30 min2 h, or
4 hwiththeindicatedinhibitors or left untreated as a control and then labelled
with EdU for 10 minin the presence of the inhibitorsand CAA was performed
for Pol 11S5P (left) or Pol 11S2P (right). Data are presented as mean values +s.d.
(n=3independent experiments). For each of the following, the number of
nucleiexamined over 3independent experiments are: 112 (S5P top), 153 (S5P
bottom), 70 (S2P top), and 139 (S2P bottom). Statistical significance was
determined by one-way ANOVA and p-values shown were determined with
Tukey’s post-hoc. ns=notsignificant, **P < 0.01, ****P< 0.0001. b, Cells were
treated for 30 min with either THZ-1or DRB or left untreated as a control and
thenblotted for theindicated proteins. Datashown are representative of 3
independent experiments. For blot source data, see Supplementary Fig. 1.

¢, Cellsweretreated with either TPL or DRB or left untreated as a control and
thenlabelled with EdU for 10 minin the presence of the inhibitors,and CAAwas

performed for PCNA. Dataare presented asmeanvalues +s.d. (n =3 independent
experiments), and 117 nuclei were examined over 3 independent experiments,
and statistical significance was determined by one-way ANOVA. ns=not
significant. d, Cells were treated for 4 h with DRB or left untreated as a control
and thenlabelled with EAU for 10 minin the presence of the inhibitors and
CAAwas performed for TBP. Dataare presented as meanvalues+s.d.(n=3
independent experiments), 77 nuclei were examined over 3 independent
experiments, and statistical significance was determined by two-way, unpaired
t-test.ns=notsignificant.e, Cellswere treated for 4 hwith DRB or left untreated
asacontroland thenlabelled with EdU for 10 minin the presence of the inhibitors
and CAAwas performed for either SPT4 (top) or SPT5 (bottom). Data are presented
asmeanvaluests.d.(n=3independentexperiments),and 77 (SPT4) or 88
(SPT5) nucleiwere examined over 3independent experiments. Statistical
significance was determined by two-way, unpaired t-test. ****P < 0.0001.
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Extended DataFig.4 | RNA polymerase Il associates with target geneson
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PCNA, replisomeisinblue.b,Schematic representinglocations of gPCR products
within each analysed gene. Bentarrow represents the TSSand pAindicates the
polyadenylationsite. For each gene two sets of primers were designed: one
closetothe TSSandone farther downstreaminthe gene.c, Pol Il ChIP. ChIP was
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PolllorIgG. Following purification of DNA, Pol Il ChIP samples were subjected
toasecond round ofimmunoprecipitation for BrdU. e, BrdU re-ChIP following
40 minBrdU labelling. DNA was labelled with BrdU for 40 min or unlabelled as a
control. ChIP was performed for Pol Il or IgG. Following purification of DNA,
Pol Il ChIP samples were subjected to asecond round ofimmunoprecipitation
for BrdU. Numbering represents primer sets showninb. Datain c-eare presented
as mean valuesand are representative of 2independent experiments.
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Extended DataFig. 5| PCNA immunoprecipitates short fragments of nascent
DNA. a, Top: Primer map showing forward primer (at position zero) and reverse
primersatincreasing distances within the TNFAIP3 gene. Bottom: The percent
ofinput for PCNAimmunoprecipitated DNA either without Sl nuclease (left) or
following digestion with1U S1nuclease (right). b, Top: Primer map showing
forward primer (at position zero) and reverse primers atincreasing distances
withinthe GFAPgene. Bottom: The percent of input for PCNAimmunoprecipitated
DNA either without S1nuclease (left) or following digestion with1U S1nuclease
(right). ¢, m13mp18 ssDNA was treated with1U S1nuclease for 10 mininorder
toensure that single stranded DNA was completely digested under treatment
conditions. Dataina-care presented as mean values and are representative of
2independentexperiments.
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Extended DataFig. 6| PCNA is amark of nascent chromatin throughout the
genome. a, PCNA ChIP. Cells wereimmunoprecipitated with an anti-PCNA
antibody or withIgGand analysed by qPCR at upstream and downstream regions
the active genes GAPDH, PPIA, and TNFAIP3and at the repressed gene GFAP.
Numbering represents primer sets shownin Extended DataFig.4b. Dataare
presented as mean values and are representative of 2independent experiments.
b, Cellswerelabelled for 5min with EdU, chased for the indicated times, and then
CAAwasperformed for PCNA. Dataare presented asmeanvalues +s.d.(n=3
independent experiments), and 208 nuclei were examined over 3 independent
experiments. Statistical significance was determined by one-way ANOVA and

p-values shownwere determined with Tukey’s post-hoc. ns =not significant,
***+P < (0.0001.c, Sequential ChIP with PCNA and SPT4. Upper panel: ChIP was
performed for SPT4 orIgG and then assessed by PCR at the same genes indicated
inExtended DataFig.4b.Lower panel:re-ChIP of samples firstimmunoprecipitated
for SPT4. Following elution, samples were re-immunoprecipitated for PCNA or IgG.
Following DNA purification, samples were analyzed by qPCR. Dataare presented
asmean values and are representative of 2independent experiments. d, Western
blotting validation of PCNA and FEN1polyclonal antibodies generated in this
study. Datashownare representative of 3independent experiments. For blot
source data, see Supplementary Fig.1.
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Extended DataFig.7| Polll transfer to nascent DNA is likely not the result of
LLPS and the interactionbetween PCNA and Pol Il is DNA-independent. a,
Cellswere labelled for 30 min with BrU and then labelled for 10 min with EdU in
the presence of either THZ-1or DRBor left untreated asacontrol. Subsequently,
RDIA was performed to assessimmature RNAretention post-replication. Data
are presented asmeanvalues +s.d. (n =3 independent experiments), and 84
nuclei were examined over 3independent experiments. Statistical significance
was determined by one-way ANOVA. ns =notsignificant. b, Cells were labelled
for15 minwith EdU eitherin the presence of 2% hexanediol, 3% hexanediol, or
without hexanediol asacontrol, then CAA was performed for Pol II S5P (top) or
Pol1S2P (bottom). Data are presented asmean values +s.d. (n =3 independent
experiments). 50 nuclei were examined over 3independent experiments.
Statistical significance was determined by one-way ANOVA. ns = not significant.
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toimmunoprecipitation with anti-PCNA antibody and subsequent western
blotting. Datashown arerepresentative of 3independent experiments. For
blotsource data, see Supplementary Fig.1.d, Top: Cells were untreated or
treated with3 puM PCNA-I1for the indicated timesand then EdU labelled and
fixed. Bottom: Cells were untreated or treated with 3 uM PCNA-I1for 3 hand
thentheinhibitor was washed out for theindicated times. Cells were labelled
with EdU and fixed. In both experiments, following fixation, biotin was
conjugated to EdU using click chemistry andimmunostainedin order to assess
DNAreplication. Corrected cell total fluorescence (CTCF) was quantified as
describedinthe methods. Dataare presented as meanvaluest+s.d.(n=3
independent experiments), and 140 (top) or 94 (bottom) nuclei were examined
over3independent experiments. Statistical significance was determined by
one-way ANOVA and p-values shown were determined by Tukey’s post-hoc.
ns=notsignificant, *P<0.05,**P<0.01, ****P< 0.0001.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

/a | Confirmed

>

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|:| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] A description of all covariates tested
|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

< A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
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For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.
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For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection 1. CAA, RDIA, IF images were acquired using an Olympus BX51 microscope equipped with a 100x objective. The microscope is mounted with a
RETIGA 3000 camera and connecting to a computer running Q-Capture Pro (version 7) software.
2. STED images were acquired using a Leica TCS SP8 STED 3X confocal/super-resolution microscope equipped with a 100 x STED objective.
Images were subsequently deconvoluted using Leica’s Lightning software which is part of the LasX software package (version 3.7.4).
3. ChIP and re-ChIP were analyzed by quantitative PCR performed using a StepOnePlus real-time PCR system connected to a computer
running the StepOnePlus software (version 2.3).
4. Western blots were imaged on a ChemiDoc MP Imaging System (Bio-Rad).

Data analysis 1. The number of PLA signals in CAA and RDIA images were quantified.
2. IF was quantified in ImageJ and graphed based on corrected cell total fluorescence (CTCF).
3. ChIP data computed and graphed as percent of input.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The data supporting the findings of this study are available from the corresponding author on reasonable request.
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Reporting on sex and gender n/a

Population characteristics n/a
Recruitment n/a
Ethics oversight n/a

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size PLA signals were counted in the indicated number of nuclei and used for statistical analysis (see legends for exact n values). Statistical
significance of CAA and RDIA experiments was assessed in Prism software using a one-way ANOVA with Tukey’s post-hoc analysis. Significance
is listed as: *p < 0.05, **p < 0.01, p < 0.001, ****p < 0.0001.

Data exclusions  No data were excluded from these analyses.

Replication All PLA and Western blotting experiments were performed in triplicates. ChiP/re-ChIP experiments were performed in duplicate.

Randomization  Randomization was not necessary in this study. These experiments were performed in cultured cells as opposed to in vivo studies where
randomization is commonly used.

Blinding Blinding was not necessary in this study since assays used unbiased quantification methods.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems

Methods

Involved in the study

Antibodies
Eukaryotic cell lines
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Antibodies

Antibodies used The following antibody dilutions were used for IF and PLA: mouse monoclonal anti-Pol Il (Santa Cruz Biotechnology, #sc-55492) at
1:50, rabbit polyclonal anti-Pol Il phospho S2 (Bethyl Laboratories, #A300-654A) at 1:750, rabbit polyclonal anti-Pol Il phospho S5
(Abcam, #ab5131) at 1:10,000, rabbit monoclonal anti-TBP (Cell Signaling Technology, #44059) at 1:1000, rabbit polyclonal anti-
Cyclin T1 (Santa Cruz Biotechnology, #sc-10750) at 1:100, rabbit polyclonal anti-Cdk9 (Santa Cruz Biotechnology, #sc-484) at 1:100,
rabbit monoclonal anti-SPT4 (Cell Signaling Technology, #64828) at 1:1000, rabbit polyclonal anti-SPT5 (Millipore, #ABE443) at
1:1000, rabbit polyclonal anti-biotin (Abcam, #ab1227) at 1:1000, mouse monoclonal anti-biotin (Jackson ImmunoResearch,
#200-002-211) at 1:1000), donkey anti-rabbit Alexa Fluor 488 secondary (Jackson ImmunoResearch, #711-545-152), donkey anti-
mouse Alexa Fluor 488 secondary (Jackson ImmunoResearch, #715-545-150), and mouse anti-biotin Alexa Fluor 488 secondary
(Jackson ImmunoResearch, #200-542-211). Antibodies used for direct PLA were: rabbit polyclonal anti-FEN1 (this paper) at 1:500,
mouse monoclonal anti-PCNA (Cell Signaling Technology, #2586) at 1:1000, mouse monoclonal anti-DNA polymerase epsilon subunit
3 (Novus Biologicals, #H00054107-B02P) at 1:30, and rabbit polyclonal anti-PCNA (this paper) at 1:1000. . Antibodies for RDIA were
rabbit polyclonal anti-biotin (Abcam, #ab1227) at 1:1000 and mouse monoclonal anti-BrdU (clone: MoBu-1; Santa Cruz
Biotechnology, #sc-51514) at 1:50. ChIP and re-ChIP experiments were performed using the following antibodies: rabbit monoclonal
anti-Rbp1 NTD (Cell Signaling Technology, #14958), rabbit monoclonal anti-SPT4 (Cell Signaling Technology, #64828), mouse
monoclonal anti-BrdU (BD Bioscience, #555627), rabbit polyclonal anti-mouse 1gG (Jackson ImmunoResearch, #315-005-003), rabbit
polyclonal anti-PCNA (this paper), rabbit polyclonal anti-FEN1 (this paper), mouse monoclonal anti-DNA polymerase epsilon
(Millipore, # MABE966), and rabbit IgG, whole molecule (Jackson ImmunoResearch, #011-000-003). The following antibody dilutions
were used for Western blotting: rabbit monoclonal anti-Rbp1 NTD (Cell Signaling Technology, #14958) at 1:1000, rabbit polyclonal
anti-Pol Il phospho S2 (Bethyl Laboratories, #A300-654A) at 1:3000, rabbit polyclonal anti-Pol Il phospho S5 (Abcam, #ab5131) at
1:3000, rabbit polyclonal anti-Rpb2 (Active Motif, #61558) at 1:250, mouse monoclonal anti-POLR2G (Rpb7; Santa Cruz, #sc-398213),
mouse monoclonal anti-POLR2I (Rpb9; Santa Cruz, #sc-398049), mouse monoclonal anti-POLR2J1/2/3 (Rpb11; Santa Cruz,
#sc-514129), mouse monoclonal anti-PCNA (Cell Signaling Technology, #2586) at 1:3000, rabbit monoclonal anti-SPT4 (Cell Signaling
Technology, #64828) at 1:1000, rabbit polyclonal anti-SPT5 (Milipore, #ABE443) at 1:1000, rabbit monoclonal anti-histone H3 (Cell
Signaling, #4499) at 1:2000, anti-rabbit 1IgG HRP-linked (Cell Signaling, #7074), and anti-mouse 1gG HRP-linked (Cell Signaling, #7076).
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Validation Commercial antibodies were validated by manufacturers. Rabbit polyclonal anti-PCNA (this paper), rabbit polyclonal anti-FEN1 (this
paper) were validated by Western blotting (see extended data).

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) H1299 from ATCC and GM22737 from laboratory stock.
Authentication Cell lines were not authenticated.
Mycoplasma contamination Cell lines are mycoplasma free.

Commonly misidentified lines  None.
(See ICLAC register)
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