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Figure 3. TSA induces transcription from CCND1-MS2 alleles under CCND1
promoter control.

(A) Single molecule RNA FISH quantification of the number of nascent CCND1-MS2
mRNAs on the active sites of transcription (single and doublets) in control

and TSA-treated cells (7 h). (B) Fold-induction levels of transcriptional activity
of single genes and duplicated gene after TSA treatment compared with untreated
cells (designated as 1). P single = 0.009 and P duplicated = 1.87549 x 10™°. (C)
Single molecule RNA FISH quantification of the total number of CCND1-MS2
MRNAs in the same in control and TSA-treated cells. Number of alleles quantified
(n) is marked in red below each box.

in gene activity can be attributed to the nuclear positioning of genes
in the nuclear space (peripheral or central location in the nucleus), no
correlation was observed (Fig S6). Altogether, we concluded that there
was no correlation between the physical separation of the sister
chromatids and their levels of transcriptional activity.
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Previously, we showed that the replication of the locus harboring
the CCND1-MS2 genes occurred during the mid/late S phase (Yunger
etal, 2010). To examine whether the separation between the duplicated
genes also took place during S phase, we labeled cells with 5-ethynyl-
2'-deoxyuridine (EdU), a thymidine analogue that incorporates into
replicating DNA during S phase. Pulsing the cells with a fluorescent
form of EAU that enabled the direct detection of replicating cells in
a population of TSA-treated cells, we could detect cells in S phase, but
they only had single genes or duplicated genes that were in close
contact (Fig S7A). Cells that had separated genes did not stain with EdU,
meaning that the separation did not occur immediately after repli-
cation but probably only after replication had ended. Indeed, only cells
stained with the G2 marker, CENP-F, showed separated sites (Fig S7B).
This meant that the separation was a rather late event in the cell cycle,
and that even so, under TSA conditions, these genes continued to
transcribe at very high levels all the way to cell division.

To examine whether the mere separation of the duplicated
genes could affect the levels of transcription, the analyzed cells
with duplicated genes were divided into two subpopulations based
on distances. Cells in which there were large distances between the
genes had 33 + 7 nascent transcripts associated with the tran-
scribing genes, whereas cells with adjacent genes had 24 + 9 na-
scent transcripts (Fig S8). When we plotted the number of nascent
transcripts versus the distance, we found that in untreated cells,
the transcription levels were low when the genes were adjacent (Fig
S9). However, when the TSA-treated cells were examined, we found
two subpopulations. For adjacent genes (up to 2 um), the complete
range of transcription levels was observed, whereas for the sep-
arated genes, there were only elevated transcription levels (Fig S9).
This meantthat a cell in which the genes had undergone separation
would always have high activity from these genes, since both effects
are driven by TSA. But even in cells that had not undergone sep-
aration, the genes were capable of reaching high transcription
levels, suggesting that attaining the highest levels of transcriptional
activity did not depend on physical separation. This was also
supported by the live-cell movies in which we could see high
activation levels when duplicated genes were adjacent (see below).

Live-cell imaging of gene activity reveals that changes in
chromatin can rapidly relieve the reduction in transcription
imposed during S phase

To measure the kinetics of the changes in transcription levels due to
the TSA treatment, we followed the transcriptional activation in living
cells after the addition of TSA. A slow and gradual buildup of MS2-CP-
GFP fluorescence on the single active gene (G1) was observed, which
took several hours after TSA addition (Fig 5A and Video 1). We man-
aged to image some cells with duplicated alleles and under TSA
treatment. When the transition of the duplicated genes from low
levels of transcription to high levels following TSA treatment was
imaged, a sudden burst in activation was observed (Fig 5B and Video 2).
Examining the time-lapse data of Video 2 shows that the burst
occurred in a very short time frame between the 50 and 60 min time
points, namely, moving from a relatively low status of activity to very
high activity occurs in a few minutes. Moreover, Video 3 shows a single
gene that had responded to TSA by transcribing at high levels, but
when the gene transitioned to the duplicated state, the levels of

https://doi.org/10.26508/1sa.201800086 vol 1| no 5 | 201800086 5 of 10



Life Science Alliance

>
»op

[4<3<3

<44

Figure 4. TSA causes premature chromatid sister
separation.

(A) RNA FISH with a Cy3-labeled probe that hybridizes
with the MS2 region of the mRNA (green), showing
duplicated and separated CCND1-MS2 alleles on the
background of Hoechst DNA staining (pseudocolored
red) after TSA treatment (7 h). Scale bar, 5 um. (B)
Transcribing CCND1-MS2 genes under the control of the
CMV promoter tagged with MS2-CP-GFP showing
adjacent (left) and separated (right) sister genes after
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transcription were significantly reduced. A few minutes later, the
duplicated alleles were observed transcribing at high levels com-
parable to the intensity of the single gene (Fig 5C). This demonstrates
(i) that the decline in transcription during duplication still occurs but
for a short and transient period and (ii) that the kinetics of transition
between low and high transcription levels can take place very rapidly.

Discussion

mMRNA expression levels can change during the cell cycle and must
account for the duplication of the genetic content in the cell from
S phase through G2 until cell division. Several studies that used
single-molecule mRNA FISH found a 50% reduction in transcription
levels after replication for a number of mammalian genes (Yunger
et al, 2010; Padovan-Merhar et al, 2015; Skinner et al, 2016). A more
global study in yeast demonstrated that an mRNA transcription
buffering mechanism is at play, which through acetylation/
deacetylation events on histone H3 ensures that the increase in
gene dosage is accounted for by a reduction in mRNA transcription
levels, thus providing relatively constant levels for many types of
mRNA during the cell cycle (Voichek et al, 2016a).

We have used a single-gene system that allows the detection of
transcription in fixed and living cells, to follow mRNA transcription
through the cell cycle (Yunger et al, 2010, 2013; Rosenfeld et al,
2015; Kafri et al, 2016). Previously (Yunger et al, 2010), we quantified
the transcriptional output of the CCND1 gene under the control of
two very different promoters. Live-cell imaging showed that the
CCND1 gene under its endogenous promoter fluctuates between
“ON" and “OFF” states, each lasting up to many minutes. This
pulsatile behavior has been called “transcriptional bursting” and
has turned out to be an important mode of transcription in eu-
karyotes to fine tune the level of transcription, mainly in the case of
highly regulated genes, such as CCND1. On the other hand, the CCND1
allele, driven by the CMV promoter, did not show any periods of gene
inactivity, rather the gene was constantly in an “ON” state, except
when undergoing cell division, as expected from an overexpression
state.

Quantifying transcriptional buffering Yunger et al.

TSA treatment (7 h). Hoechst DNA stain is in blue. (C)
RNA FISH image showing separated genes and the
distance between them. The boxplots show the
measured distances under control and TSA treatments
(7 h). (D) Average distances between duplicated alleles
in TSA-treated cells (7 h). Number of cells quantified (n)
is marked in red below the plots.

Separated
n=13 n=21

Using quantitative RNA FISH, we found that there was at least
a 50% reduction in the mRNAs transcribed from these genes after
replication, for both of the promoters. This meant that the mRNA
output of the duplicated alleles (after their replication) was com-
parable to the mRNA output of the single allele (before replication),
thus demonstrating the buffering effect discussed above. In this
study, we utilized protein acetylation/deacetylation to temper with
the transcription driven from two promoters in mammalian cells
during the cell cycle. We used TSA, which is an HDAC inhibitor that
can cause histone hyperacetylation, chromatin decondensation, and
gene activation. We found that preventing histone deacetylation led
to an increase in the transcription levels of the duplicated alleles,
thereby circumventing the buffering effect imposed during replica-
tion. In addition, the levels of transcription from the single gene were
increased as well, when deacetylation was inhibited. In other words,
for cells before replication, the genes exhibited expression levels that
were significantly higher than normal untreated conditions. Fur-
thermore, for cells in S/G2, the duplicated genes also showed high
levels of transcription, which were similar to the transcription in the
G1cells, in stark contrast to the drastic reduction in transcription seen
after replication under regular growth conditions.

The live-cell data showed that TSA treatment caused a gradual
increase in transcriptional activity for the alleles before replication.
In contrast, following the duplicated alleles showed genes that
were barely transcribing (due to passage through replication), and
then a dramatic burst in transcription merely several minutes after,
suggesting that TSA treatment caused a rapid and global change in
the chromatin landscape of the gene allowing it to reach extremely
high levels of transcription, which are usually not observed. These
live-cell data also give a feeling for the time scale of histone mod-
ification effects on transcriptional activation. These observations in
live mammalian cells agree with the mechanism proposed for gene
dosage homeostasis in yeast cells (Voichek et al, 2016a), namely, that
Rtt109 leads to H3K56 acetylation, which gets incorporated into the
DNA during replication, and at the end of S phase, this modification is
removed by deacetylases (Voichek et al, 2016b). Our movies show
that under TSA treatment, the duplicated genes can remain in the
low expressing state for a very short time after replication and that
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Figure 5. Live-cell imaging of transcriptional
activation following TSA treatment.
(A) Frames from Video 1 showing the activation of the
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CCND1-MS2 allele under the control of the CMV

Vatd ° promoter during TSA treatment. The cell is expressing
MS2-CP-GFP. The plot shows the levels of intensity on
the active gene over time. Time 0 is the time of TSA
addition to the cells. (B) Frames from Video 2 showing
the activation of duplicated CCND1-MS2 alleles (CMV
driven) during TSA treatment. (C) Frames from Video 3
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showing an active single CCND1-MS2 gene (CMV driven),
its transition to a duplicated state, and the subsequent
activation of the duplicated CCND1-MS2 alleles during
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the HDAC inhibition conditions allow for an unusually rapid burst of
transcription even during G2.

Epigenetic regulation is not the whole story though. The com-
parison of the transcriptional activity of the CMV promoter and the
endogenous CCND1 promoter, both transcribing the same gene from
the exact same genomic locus, exemplifies that epigenetic control is
only one side of the coin. The CCND1 promoter was influenced by the
TSA treatment but to much lower levels compared with the CMV
promoter, which was highly affected by TSA. The CCNDT promoter
sequence is highly complex, containing many types of transcription
factor binding sites (Klein & Assoian, 2008), determining the restricted
expression control of this gene, which is based on response to in-
coming signaling pathways. On the other hand, the CMV promoter has
fairly simple regulatory sequences, and therefore, epigenetic control
would have a major influence on its activity state. Hence, the effect of
inhibiting deacetylation on the CCNDT gene was relatively marginal,
specifically since transcription regulation on this gene is tightly
controlled through cis-acting elements and trans-acting factors.

Quantifying transcriptional buffering Yunger et al.
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Taken together, these measurements lead us to postulate that
potentially a maximum output of transcriptional activity can be
reached at any point of the cell cycle, pending that the epigenetic
control has been removed. Yet, since the cell actively controls
transcription under normal conditions, these potential levels are
usually not obtainable, and so usually, actual transcription levels
are significantly lower. This would then mean that the cell is fine
tuned to spend energy on transcription and does not waste cellular
resources on unnecessary transcription events.

Materials and Methods

Cell culture

The HEK293 Flp-in cells (Cat. No. R-750-07; Invitrogen) expressing
the cyclin D1 gene either under the CMV promoter or the cyclin D1
promoter (obtained from R.G. Pestell, Thomas Jefferson University
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[Albanese et al, 1995]) were previously described (Yunger et al,
2010). The genes contained the original pSL-MS2x24 sequence
repeats, and the mRNAs were detected with the MS2-GFP coat
protein (Bertrand et al, 1998; Fusco et al, 2003). The cells were
maintained in DMEM containing 10% FBS (HyClone Laboratories).
Cells are routinely tested for mycoplasma using the Hy-
Mycoplasma PCR kit (Life Technologies). Transfections were
performed by calcium phosphate precipitation (for transient MS2-
CP-GFP expression). TSA (Sigma-Aldrich) was added for 7 h—fixed
cells: 30 or 100 nM as marked, living cells 100 nM. EdU staining was
performed with the Click-iT EdU Alexa Fluor 647 Imaging kit
(Invitrogen).

Fluorescence microscopy and live-cell imaging

Widefield fluorescence images were obtained using the CellR
system based on an Olympus IX81 fully motorized inverted mi-
croscope (60x PlanApo objective, 1.42 numerical aperture, or 100x
objective, 1.40 numerical aperture) fitted with an Orca-AG charge-
coupled device camera (Hamamatsu) driven by CellR software. The
microscope is equipped with a CFP/YFP dual-band filter and
a DAPI/FITC/Tx-Red Triple Band filter set with single band exci-
tation filters and ET GFP, ET Cy3, and ET Cy5 filter cubes (Chroma). For
time-lapse imaging, cells were plated on glass-bottom tissue-culture
plates with collagen coating (MatTek) in medium containing 10% FCS
at 37°C. The microscope is equipped with an on-scope incubator,
which includes temperature and CO, control (Life Imaging Services).
For long-term imaging of transcription-site activation, several cell
positions were chosen and recorded by a motorized stage (Scan IM,
Marzhauser).

In live-cell experiments, cells were typically imaged in four di-
mensions (3D over time). For presentation of the movies, the 4D
image sequences were transformed into a time sequence by
choosing the best focus (highest intensity) plane at each time point,
using in-house-generated ImageJ scripts (US National Institutes of
Health)—see detailed explanation on how to perform the tracking
and generate the plots of transcription site intensity over time in
the “SpotTracker plug-in for computing the transcription site tra-
jectory” paragraph in Nature Protocols (Yunger et al, 2013). To
improve quality, movies were deconvolved using Huygens Essential
Il with the time series option (Scientific Volume Imaging). Tracking
was performed using the tracking module of Imaris (version 6.4;
Bitplane) or the Image) Spot Tracker plugin. Correction of cell
movement during tracking was performed using the “correct drift”
option in Image). Bleaching correction was applied to time-lapse
images.

Fluorescence in situ hybridization

A detailed protocol on how to perform the RNA FISH experiments
and subsequent quantifications can be found in Nature Protocols
(Yunger et al, 2013), including information about the sequence of
the probe against the MS2 region, probe design, and the fluorescent
labels. Calibrations of the probes for quantifying RNA in fixed cells
can be found in the protocol in (Shav-Tal et al, 2010). In this study,
we used 40 ng of the Cy3-MS2 DNA probe per coverslip, synthesized
and fluorescently labeled by IBA. Briefly, for the quantification of

Quantifying transcriptional buffering Yunger et al.

the number of mMRNAs on the transcription sites or in the total cell,
3D stacks (0.2 um steps, 76 planes) of the total volume of the cells
were collected. The 3D stacks were deconvolved and the specific
signals of mMRNPs were identified (Imaris). mRNP identification was
performed in comparison to deconvolved stacks from native
HEK293 cells not containing the D1-MS2 integration, which therefore
served as background levels of nonspecific fluorescence. No mRNPs
were identified in control cells. The sum of the intensity of each
mRNA particle and transcription sites was measured in the same
cells using Imaris. The single mRNP intensities were pooled and the
frequent value was calculated. The sum of intensity at the tran-
scription site was divided by the average intensity of a single mRNP.
This ratio provided the number of mRNAs associated with the
transcription unit from the point of the MS2 region and onwards.

Immunofluorescence

After RNA FISH, cells were fixed for 20 min in 4% PFA (in PBS) and
then permeabilized with 0.5% Triton X-100 for 3 min at room
temperature. After blocking with 5% BSA (in PBS), cells were im-
munostained for 1 h with a primary antibody, and after subsequent
washes, the cells were incubated for 1 h with a secondary antibody.
Coverslips were stained with Hoechst and mounted in p-Phenyl-
enediamine mounting medium (Cat. No. P6001; Sigma-Aldrich).
Antibodies used were rabbit anti-CENP-F (Abcam) and Alexa-488
anti-rabbit secondary antibody (Invitrogen).

Distance analysis

Cells in FISH experiments were counterstained with the Hoechst
DNA stain. The whole volume of the nucleus was imaged, and this
information underwent 3D isosurface rendering using Imaris to
obtain the center of mass for the nucleus, which was presented in
the x, y, and z coordinates. The x, y, and z coordinates were also
determined for each active gene. The distances between the active
genes and the nuclear center (in micrometer) were calculated using
the equation:

d= /00X + /(2 -vaY + (2o 20)

Similarly, the distances between active genes in the same nu-
cleus were calculated from X, y, and z coordinates obtained after
performing “surface-object” fill-in in Imaris for each active gene.

Real-time PCR (qRT-PCR)

Total RNA was extracted from cells using the AurumTM Total RNA
mini kit (Bio-Rad Laboratories Inc.). After reverse transcription
using the gScript cDNA Synthesis kit (Quanta Biosciences), cDNA
was amplified using the following primer pairs:

HA sense: 5'-ACGATGTTCCAGATTACGCT; cyclin antisense: 5'-
CAGGTCTCCTCCGCCTTC; tubulin sense: 5'-GCCTGGACCACAAGTTTGAC;
antisense: 5’-TGAAATTCTGGGAGCATGAC; 18s sense: 5'-TGTGCC-
GCTAGAGGTGAAATT antisense: 5'-TGGCAAATGCTTTCGCTTT. RT-PCR
was performed using PerfeCTa SYBR Green FastMix, ROX (Quanta
Bio Sciences) on a CFX-96 system (Bio-Rad). Analysis was performed
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with the Bio-Rad CFX manager. Relative levels of mMRNA expression
were measured as the ratio of the comparative threshold cycle to
internal controls (tubulin and 18S) RNA. Experiments were repeated
at least three times.

Statistical analysis

All FISH experiments were performed at least three times and on
different days. The numbers of cells analyzed in each case (n) is
noted in the actual plots themselves. A two-tailed t test was
performed to determine the significance of differences, and P's are
noted in the figure legends.

Supplementary Information

Supplementary Information is available at https://doi.org/10.26508/lsa.
201800086.

Acknowledgements

This work was supported by European Research Council (Y Shav-Tal) and the
Israel Science Foundation No. 493/15 (Y Shav-Tal).

Author Contributions

S'Yunger: conceptualization, data curation, formal analysis, validation,
investigation, visualization, methodology, and writing—original draft.
P Kafri: validation, investigation, visualization, methodology, and
writing—original draft.

L Rosenfeld: software, investigation, and visualization.

E Greenberg: data curation and investigation.

N Kinor: data curation and investigation.

Y Garini: resources, software, and methodology.

Y Shav-Tal: conceptualization, supervision, funding acquisition,
methodology, project administration, and writing—original draft,
review, and editing.

Conflict of Interest Statement

The authors declare that they have no conflict of interest.

References

Albanese C, Johnson J, Watanabe G, Eklund N, Vu D, Arnold A, Pestell RG (1995)
Transforming p21ras mutants and c-Ets-2 activate the cyclin D1
promoter through distinguishable regions. J Biol Chem 270:
23589-23597. d0i:10.1074/jbc.270.40.23589

Barnes A, Nurse P, Fraser RS (1979) Analysis of the significance of a periodic,
cell size-controlled doubling in rates of macromolecular synthesis for
the control of balanced exponential growth of fission yeast cells. J Cell
Sci 35: 41-51.

Bertrand E, Chartrand P, Schaefer M, Shenoy SM, Singer RH, Long RM (1998)
Localization of ASHT mRNA particles in living yeast. Mol Cell 2: 437-445.
doi:10.1016/51097-2765(00)80143-4

Quantifying transcriptional buffering Yunger et al.

Chubb JR, Trcek T, Shenoy SM, Singer RH (2006) Transcriptional pulsing of
a developmental gene. Curr Biol 16: 1018-1025. doi:10.1016/].
cub.2006.03.092

Coulon A, Ferguson ML, de Turris V, Palangat M, Chow CC, Larson DR (2014)
Kinetic competition during the transcription cycle results
in stochastic RNA processing. Elife 3: doi:10.7554/
elife.03939

Elliott SG, McLaughlin CS (1978) Rate of macromolecular synthesis through
the cell cycle of the yeast Saccharomyces cerevisiae. Proc Natl Acad
Sci USA 75: 4384-4388. d0i:10.1073/pnas.75.9.4384

Finnin MS, Donigian JR, Cohen A, Richon VM, Rifkind RA, Marks PA, Breslow R,
Pavletich NP (1999) Structures of a histone deacetylase homologue
bound to the TSA and SAHA inhibitors. Nature 401: 188-193.
doi:10.1038/43710

Fusco D, Accornero N, Lavoie B, Shenoy SM, Blanchard JM, Singer RH, Bertrand
E (2003) Single mRNA molecules demonstrate probabilistic
movement in livingmammalian cells. Curr Biol 13: 161-167. d0i:10.1016/
$0960-9822(02)01436-7

Kafri P, Hasenson SE, Kanter I, Sheinberger J, Kinor N, Yunger S, Shav-Tal Y
(2016) Quantifying beta-catenin subcellular dynamics and cyclin D1
mRNA transcription during Wnt signaling in single living cells. Elife 5:
doi:10.7554/ elife.16748

Kalo A, Kanter I, Shraga A, Sheinberger J, Tzemach H, Kinor N, Singer RH,
Lionnet T, Shav-Tal Y (2015) Cellular levels of signaling
factors are sensed by beta-actin alleles to modulate
transcriptional pulse intensity. Cell Rep 11: 419-432. d0i:10.1016/].
celrep.2015.03.039

Klein EA, Assoian RK (2008) Transcriptional regulation of the
cyclin D1 gene at a glance. J Cell Sci 121: 3853-3857. doi:10.1242/
j€s.039131

Lionnet T, Czaplinski K, Darzacq X, Shav-Tal Y, Wells AL, Chao JA, Park HY, de
Turris V, Lopez-Jones M, Singer RH (2011) A transgenic mouse for
in vivo detection of endogenous labeled mRNA. Nat Methods 8:
165-170. doi:10.1038/nmeth.1551

Magnaghi-Jaulin L, Eot-Houllier G, Fulcrand G, Jaulin C (2007) Histone
deacetylase inhibitors induce premature sister chromatid separation
and override the mitotic spindle assembly checkpoint. Cancer Res 67:
6360-6367. doi:10.1158/0008-5472.can-06-3012

Martin RM, Rino J, Carvalho C, Kirchhausen T, Carmo-Fonseca M (2013)
Live-cell visualization of pre-mRNA splicing with single-
molecule sensitivity. Cell Rep 4: 1144-1155. d0i:10.1016/].
celrep.2013.08.013

Padovan-Merhar O, Nair GP, Biaesch AG, Mayer A, Scarfone S, Foley SW, Wu
AR, Churchman LS, Singh A, Raj A (2015) Single mammalian cells
compensate for differences in cellular volume and DNA copy number
through independent global transcriptional mechanisms. Mol Cell 58:
339-352. doi:10.1016/j.molcel.2015.03.005

Park HY, Lim H, Yoon YJ, Follenzi A, Nwokafor C, Lopez-Jones M, Meng X, Singer
RH (2014) Visualization of dynamics of single endogenous mRNA
labeled in live mouse. Science 343: 422-424. d0i:10.1126/
science.1239200

Rosenfeld L, Kepten E, Yunger S, Shav-Tal Y, Garini Y (2015) Single-site
transcription rates through fitting of ensemble-averaged data from
fluorescence recovery after photobleaching: A fat-tailed distribution.
Phys Rev E Stat Nonlin Soft Matter Phys 92: 032715. doi:10.1103/
physreve.92.032715

Senecal A, Munsky B, Proux F, Ly N, Braye FE, Zimmer C, Mueller F, Darzacq X
(2014) Transcription factors modulate c-Fos transcriptional bursts.
Cell Rep 8: 75-83. d0i:10.1016/j.celrep.2014.05.053

Shav-Tal Y, Shenoy SM, Singer RH (2010) Visualization and quantification of
single RNA molecules in living cells. In Live Cell Imaging: A Laboratory
Manual. Spector DL, Goldman RD (eds). Cold Spring Harbor, NY: Cold
Spring Harbor Laboratory Press.

https://doi.org/10.26508/1sa.201800086 vol 1| no 5 | e201800086 9 of 10


https://doi.org/10.26508/lsa.201800086
https://doi.org/10.26508/lsa.201800086
https://doi.org/10.1074/jbc.270.40.23589
https://doi.org/10.1016/s1097-2765(00)80143-4
https://doi.org/10.1016/j.cub.2006.03.092
https://doi.org/10.1016/j.cub.2006.03.092
https://doi.org/10.7554/elife.03939
https://doi.org/10.7554/elife.03939
https://doi.org/10.1073/pnas.75.9.4384
https://doi.org/10.1038/43710
https://doi.org/10.1016/s0960-9822(02)01436-7
https://doi.org/10.1016/s0960-9822(02)01436-7
https://doi.org/10.7554/elife.16748
https://doi.org/10.1016/j.celrep.2015.03.039
https://doi.org/10.1016/j.celrep.2015.03.039
https://doi.org/10.1242/jcs.039131
https://doi.org/10.1242/jcs.039131
https://doi.org/10.1038/nmeth.1551
https://doi.org/10.1158/0008-5472.can-06-3012
https://doi.org/10.1016/j.celrep.2013.08.013
https://doi.org/10.1016/j.celrep.2013.08.013
https://doi.org/10.1016/j.molcel.2015.03.005
https://doi.org/10.1126/science.1239200
https://doi.org/10.1126/science.1239200
https://doi.org/10.1103/physreve.92.032715
https://doi.org/10.1103/physreve.92.032715
https://doi.org/10.1016/j.celrep.2014.05.053
https://doi.org/10.26508/lsa.201800086

>y D, o . o
s2ep» Life Science Alliance

Skinner SO, Xu H, Nagarkar-Jaiswal S, Freire PR, Zwaka TP, Golding | (2016)
Single-cell analysis of transcription kinetics across the cell cycle. Elife
5: €12175. doi:10.7554/ elife.12175

Skog S, Tribukait B (1985) Discontinuous RNA and protein synthesis and
accumulation during cell cycle of Ehrlich ascites tumour cells. Exp Cell
Res 159: 510-518. d0i:10.1016/50014-4827(85)80024-0

Toth KF, Knoch TA, Wachsmuth M, Frank-Stohr M, Stohr M, Bacher CP, Muller
G, Rippe K (2004) Trichostatin A-induced histone acetylation causes
decondensation of interphase chromatin. J Cell Sci 117: 4277-4287.
d0i:10.1242/jcs.01293

Tutucci E, Livingston NM, Singer RH, Wu B (2018) Imaging mRNA in vivo, from
birth to death. Annu Rev Biophys 47: 85-106. doi:10.1146/annurev-
biophys-070317-033037

Voichek Y, Bar-Ziv R, Barkai N (2016a) Expression homeostasis during
DNA replication. Science 351: 1087-1090. doi:10.1126/science.aad 1162

Quantifying transcriptional buffering Yunger et al.

Voichek Y, Bar-Ziv R, Barkai N (2016b) A role for Rtt109 in buffering gene-
dosage imbalance during DNA replication. Nucleus 7: 375-381.
doi:10.1080/19491034.2016.1216743

Yunger S, Rosenfeld L, Garini Y, Shav-Tal Y (2010) Single-allele analysis of
transcription kinetics in living mammalian cells. Nat Methods 7
631-633. d0i:10.1038/nmeth.1482

Yunger S, Rosenfeld L, Garini Y, Shav-Tal Y (2013) Quantifying the
transcriptional output of single alleles in single living mammalian
cells. Nat Protoc 8: 393-408. d0i:10.1038/nprot.2013.008

License: This article is available under a Creative
Commons License (Attribution 4.0 International, as
described at https://creativecommons.org/
licenses/by/4.0/).

https://doi.org/10.26508/1sa.201800086 vol 1| no 5 | e201800086 10 of 10


https://doi.org/10.7554/elife.12175
https://doi.org/10.1016/s0014-4827(85)80024-0
https://doi.org/10.1242/jcs.01293
https://doi.org/10.1146/annurev-biophys-070317-033037
https://doi.org/10.1146/annurev-biophys-070317-033037
https://doi.org/10.1126/science.aad1162
https://doi.org/10.1080/19491034.2016.1216743
https://doi.org/10.1038/nmeth.1482
https://doi.org/10.1038/nprot.2013.008
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.26508/lsa.201800086

