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A key challenge in mammalian biology is to understand how rates of transcription and mRNA degrada-
tion jointly shape cellular gene expression. Powerful techniques have been developed for measuring
these rates either genome-wide or at the single-molecule level, however these techniques are not appli-
cable to assessment of cells within their native tissue microenvironment. Here we describe a technique
based on single molecule Fluorescence in-situ Hybridization (smFISH) to measure transcription and
degradation rates in intact mammalian tissues. The technique is based on dual-color libraries targeting
the introns and exons of the genes of interest, enabling visualization and quantification of both nascent
and mature mRNA. We present a software, TransQuant, that facilitates quantifying these rates from
smFISH images. Our approach enables assessment of both transcription and degradation rates of any gene

of interest while controlling for the inherent heterogeneity of intact tissues.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction to the technique

The levels of cellular mRNA are governed by two highly con-
trolled processes - transcription and mRNA degradation. The bal-
ance between these processes dictates not only the steady state
transcript levels but also the gene’s response time [1,54,63,64,79]
and susceptibility to noise [3,57]. Measurements of degradation
rates of endogenous mRNAs have been performed in a number of
ways, including usage of transcriptional inhibitors such as actino-
mycin D, which interferes with transcription by intercalating into
DNA [44,54], and 5,6-dichloro-1p-1-ribofuranosylbenzimidazole
(DRB), which interacts directly with the RNA polymerase II tran-
scription apparatus [12,21]. Genome-wide measurements of gene
expression at sequential time points following such transcription
inhibition enable inference of mRNA lifetimes. A limitation of this
methodology is that transcription inhibition often introduces sig-
nificant changes to cell physiology, e.g. to the transcription of com-
ponents of RNA degradation machinery [6,26,61]. As a result,
mRNA lifetimes obtained in such experiments may not necessarily
reflect the true stability of the mRNAs.

Other techniques to estimate rates of transcription and degra-
dation rely on combined measurements of both newly transcribed
RNA molecules and total RNA. These include techniques that cap-
ture the RNA bound to actively transcribing Pol2, such as
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Nascent-seq [35,45,60], NET-seq [15,43,50] and GRO-seq [16]. A
complementary approach to estimate these rates on a genome-
wide basis is metabolic labeling of RNA with 4-thiouridine (4sU)
or 5-bromo-uridine (BrU), modified uridines that enable specific
pull-down of recently transcribed RNA from the overall RNA pop-
ulation, with minimal interference to normal cell growth
[30,54,55]. These powerful techniques provide a genome-wide
view of transcription and degradation; however, they work on bulk
measurements, thus providing an average picture of these rates
and potentially missing the variability between sub-populations.
Accounting for such variability is important when samples are
heterogeneous [27,32]. In such cases techniques that enable
single-cell measurements are required.

A complementary set of strategies to infer transcription and
degradation rates that focus on single cells apply imaging tech-
niques to follow individual RNA molecules inside living cells. The
MS2-GFP technique [7,10,24,53] uses a modified RNA that con-
tains multiple tandem sequences recognized by the MS2 bacterio-
phage coat protein. A simultaneously expressed MS2-GFP fusion
protein localizes on the tandem repeats yielding a bright fluores-
cent spot, which can be followed in time within the cells. Another
method that allows imaging of individual mRNA is by hybridiza-
tion of molecular beacons (MBs) to multiple tandem repeats engi-
neered into the desired mRNA [11,48,75,76]. Molecular beacons
are hairpin shaped molecules with an internally quenched fluo-
rophore, the fluorescence of which is restored when they bind to
a target nucleic acid sequence. Although these techniques offer
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unprecedented spatial and temporal resolution they require
manipulations such as transfection of constructs that incorporate
the modified RNA (MS2-GFP) or microinjection of the fluorescent
probes into the cells, thus applicable only to living cultured cells.

Extracting the rates of transcription and degradation of cells
that reside within their natural tissue microenvironment is an out-
standing challenge. This is particularly important in heterogeneous
tissues, which invariably contain different cell types and diverse
sub-populations. Tissues are often polarized by morphogens or
blood flow and thus the location of cells within a tissue is a key
determinant of their gene expression states [27]. Accounting for
this spatial variability requires techniques for quantitative single-
cell analysis without dissociating the tissue. The single molecule
Fluorescence in-situ Hybridization (smFISH) technique facilitates
visualization of mRNA molecules in fixed cells or tissues [19,34,3
9,40,42,51,57,58,71,78]. This technique relies on the specific
hybridization of libraries of short DNA sequences that are comple-
mentary to a specific target RNA sequence that are all coupled to
the same fluorophore. Binding of multiple probes to the same tran-
script yields a bright dot, indicative of a single mRNA transcript.
This method has been used in bacteria [42,65,66], yeast
[42,71,80], mammalian cells [34,57] and recently even in intact tis-
sues [3,28,29,39,78]. Here we describe a modification of this tech-
nique [3] that enables not only measurements of the amount of
mRNA per cell but also quantification of the rates of transcription
and mRNA degradation at the single-molecule, single-cell level in
intact tissues. We provide a simple software, TransQuant, that
implements our method for estimating these rates from smFISH
microscopy images.

2. Theory and rational

The dynamics of mRNA production can be modeled as a first-
order process [1]:

dX/dt = B — oX (1)

where f is the cellular transcription rate, in units of mRNA/h, § is
the rate of mRNA degradation (1/h) and X the number of cytoplas-
mic mRNA molecules. Under steady state conditions, defined as
conditions where 8 and é have been constant for enough time so
that temporal changes in X are negligible, the average number of
mRNA per cell can be found by setting Eq. (1) to 0 (dX/dt = 0):

Xst = p/o (2)

Eq. (2) indicates that a given level of cellular mRNA can be achieved
by either high rates of both transcription and degradation or low
rates of both transcription and degradation. Using Eq. (2) we can
infer mRNA degradation rates ¢ from combined measurements of
B and Xg:

5= B/Xy 3)

The number of mRNA per cell in steady state, Xy, can be
obtained using smFISH by identifying individual mRNA dots in
3D images and assigning them to cells. Obtaining the transcription
rate, 8, requires identification of the transcription sites (TS), and
quantification of the average number of Pol2 molecules actively
transcribing (termed ‘polymerase occupancy’, M). Assuming that
Pol2 elongates at a constant rate v and immediately releases the
nascent transcript at the 3’ end of the gene, the rate of mRNA pro-
duction from a TS, denoted by g, is:

pL=M-v/L (4)

where L is the length of the gene and M is the average number of
Pol2 molecules on a typical locus (Fig. 1A). Transcription is gener-
ally a bursty process [3,4,8,9,13,17,20,24,33,49,52,56,69], and pro-
moters are thought to stochastically switch between non-active

and active transcriptional states, so in general only a fraction f of
the chromosomal copies in the cell will be active. As a result, the
average transcription rate per cell that contains n chromosomal
copies, f, is:

p=n-f-p=n-f-M-v/L (5)

where we have used Eq. (4) for u. Eq. (5) assumes that the velocity
of Pol2 is known (this will be discussed in the computational meth-
ods section) and that all nascent mRNA end up in the cytoplasm,
neglecting nuclear degradation of improperly spliced mRNA [22].

Eq. (5) indicates that measurements of the cellular ploidy (n),
the fraction of chromosomal copies that are transcriptionally active
(f), and the average number of Pol2 molecules on a given TS (M)
can be used to infer cellular transcription rate (f). Additionally
measuring the average number of mRNA per cell at steady state
(Xse) will facilitate inferring degradation rates using Eq. (3)
(Fig. 1B). We will next describe our smFISH approach for imaging
individual mature and nascent mRNA in intact mouse tissue sec-
tions and for inferring the rates of transcription and mRNA
degradation.

3. Establishing image based analysis of transcription and
degradation rates in intact mammalian tissues

The detailed protocol of single molecule mRNA detection and
counting in mammalian tissues was previously published [41];
here we describe how to modify the smFISH technique in order
to quantify the active sites of transcription and to extract dynamic
gene expression properties in intact mammalian tissues (Fig. 1C).
In order to visualize nascent mRNA, one must locate and quantify
TS. A common approach for identifying active transcription sites
using smFISH is to seek bright dots that reside in the nucleus
[39,80]. Since several Pol2 molecules may be actively engaged in
transcription of the target gene of interest, and since each Pol2 will
carry a tail of partially transcribed mRNA (Fig. 1A), the local con-
centration of smFISH fluorescent probes will be higher in a TS com-
pared to a single cytoplasmic mRNA, thus yielding a brighter dot.
While this strategy seems to work well for organisms such as yeast
and drosophila, the abundance of nuclear mRNA molecules and the
low Pol2 occupancy in many of the endogenous genes prohibit
unambiguous identification of TS in mammalian cells using this
approach (Fig. 1D).

Identifying TS can be achieved by labeling not only the exons of
the transcripts of interests but also the introns [38]. Introns are
generally spliced and degraded co-transcriptionally
[2,23,36,46,72], therefore intact stretches of introns only reside at
the active sites of transcription. To utilize this fundamental prop-
erty of mammalian transcription we use two smFISH probe
libraries coupled to spectrally resolvable fluorophores; one that
targets the exons of the gene of interest and a second library that
targets the introns. The intronic dot facilitates unambiguous iden-
tification of the TS, whereas the exonic dot enables quantification
of the average Pol2 occupancies (Fig. 1C and D). In the following
sections we describe in details our protocol steps, summarized in
Fig. 2.

4. Tissue processing

To obtain precise measurements of the gene expression parame-
ters, RNA integrity must be preserved during the tissue handling. To
this end, we excise the tissue immediately after sacrification of the
animal and place it in 4% PFA for fixation (as described in [41]). After
cryopreservation, tissues are placed in OCT molds and stored frozen
at —80 °C. For visualization of full nuclei, thick tissue sections
(25 uM) are mounted on poly-L lysine coated #1 coverslips. The
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Fig. 1. Single molecule approach for measuring gene expression parameters. (A) Calculation of transcription rate from a single RNA polymerase. v is the speed of RNA
polymerase; L is the length of the full gene. Red circles represent single probes attached to the newly synthetized RNA molecule (black curve). The rate of production of a
single RNA molecule equals the ratio between RNA polymerase speed and the length of the gene. (B) Diagram of two cells with different expression parameters. Each red dot
represents a single RNA molecule in the cytoplasm. A larger red dot represents an active transcription site in the nucleus. The top cell has low levels of mRNA (X;;). The bright
nuclear dot represents an active transcription site with high transcription rate (). Combination of these two parameters indicates that the mRNA is unstable with a high
degradation rate (§). The bottom cell has high levels of mRNA (X;;) and a nuclear active transcription site with low transcription rate (). Combination of these two parameters
indicates that the mRNA is stable and has a low degradation rate (). (C) Example of the smFISH approach for estimating transcription and degradation rates in the intact liver.
Red dots are single mRNA molecules of Argininosuccinate synthase 1 (Ass1) green dots are intronic library marking active TS. Blue — DAPI-stained nuclei. Arrows mark two
transcription sites. Inner dashed curve delineates the central vein, outer dashed curve delineates the pericentral zone, where Ass1 expression is strongly repressed. By
excluding this region from the analysis, the in-situ approach enables analysis of a tissue region where expression can be considered homogenous. Scale bar: 10 pm. (D)
Hybridization with both intronic and exonic libraries is necessary to unambiguously identify TS in mammalian cells. Red channel is exonic probe library of ATP citrate lyase
(Acly), green channel is the intronic probe library, DAPI-stained nucleus is in blue. Arrow points at a TS, dashed circles mark the nucleus. Note that the nucleus has several
spliced mRNA and only a single TS identified by the intronic library. Scale bar: 2 pm.

sections are left to air-dry for around 10 min and placed on dry ice thinner sections (e.g. 6 UM) can also be used, with a modified com-
until fixation. After sectioning, the tissues are post-fixed with 4% putational algorithm described below (termed the ‘pooled method’).
PFA, then washed once with cold PBS and incubated in 70% at 4 °C Thick sections should be handled with care during the washing steps
for at least 2 h before proceeding to hybridization. Importantly, as they have a higher tendency to detach from the cover slips.
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Fig. 2. Common steps in image based analysis of transcription and degradation rates. (A) Flow chart of the steps in the ‘single-cell method’ for calculation of gene expression
parameters. fis the average fraction of active transcription sites, M is the average Pol2 occupancy on single active TS, v is the speed of Pol2, u is the calculated transcription
rate, X, is the average number of mRNA molecules in each cell, § is the inferred degradation rate. (B) Flow chart of the steps in the ‘pooled method’ for calculating gene
expression parameters. 4 is the pooled transcription rate from all active TS in an imaged field, X q is the number of all mRNA molecules in an imaged field.

5. Probe design and imaging
5.1. Probe library design and considerations

Probe libraries are designed using Stellaris® Probe Designer
Access (Biosearch technologies). The designer finds a library of
probes that are complementary to sequential parts of the gene of
interest, have uniform GC content and at least 2 nucleotide spacing
between sequential probes. It is recommended to use the
organism-specific masking option to avoid non-specific off-target
binding of the probes. Each library is comprised of 48-96 probes
which are designed to be complementary to the exons or the
introns of the gene of interest. Ideally, the intron probe library
should contain probes that are complementary to as many introns
of the gene of interest as possible, to ensure detection of all active
TS. To understand this effect, consider a long gene that includes an
intron at the 5’ region of the gene as well as other introns more
downstream along the gene. If probes are designed exclusively
for the 5’ intron there could be situations where a single Pol2 mole-
cule has advanced well into the gene and splicing and consequent
degradation of the intron has already occurred. In these cases we
will not observe the intronic dot and miss some TS, leading to
underestimation of the transcription rate (Fig. 3A).

Probe libraries are either ordered coupled and purified from
Biosearch, or alternatively ordered in a plate format with a 3’
amide modification and pooled and coupled in-house [65].
Since transcription sites are expected to appear in both the
intron and exon channel one must avoid bleed-through from one
channel to another, otherwise non-TS nuclear mRNA might be
mistaken for true TS. We therefore use two fluorophores that
are spectrally separated from each other. We recommend 6-
carboxytetramethylrhodamine succinimidyl ester (TAMRA - emis-
sion 580 nm) for the intron library and Cy5 (emission 670 nm) for
the exon library. In the third fluorescent channel, normally

Alexa594, one can use smFISH probes for an additional gene; how-
ever it is important that this gene will not have bright transcription
sites as the Alexa594 signal could potentially bleed through to both
the cy5 and TMR channels. In liver tissue we use ActB probe library
coupled to Alexa594 fluorophore as a positive control, since
this gene is ubiquitously expressed but has rare, relatively
non-intense transcription sites [3].

5.2. Imaging setup

All Images are taken with a Nikon Ti-E inverted fluorescence
microscope equipped with a x100 oil-immersion objective and a
Photometrics Pixis 1024 CCD camera using MetaMorph software
(Molecular Devices, Downington, PA). We use a wide-spectrum
light source (either Prior Lumen 220Pro or Nikon Intensilight). In
liver tissue sections quantification of transcription sites and
nuclear volume are performed on stacks of 45 optical sections
spaced 0.3 pum apart. It is important to image and analyze regions
of the tissue that could be assumed to be uniform in the measured
parameters. For example the liver is composed of repeating
anatomical units termed lobules that are polarized by blood flow-
ing from portal nodes to central veins. In this tissue uniform
regions could be the hepatocytes that surround the portal nodes,
where the microenvironment is distinctly different from that at
the central vein region (Fig. 1C).

A potential problem that arises when imaging thick tissue sec-
tions is the fading of the fluorescence signal as one moves the focal
plane into the depth of the tissue and farther from the coverslip.
This decrease in fluorescent signal, due to scattering from the tis-
sue, can lead to a decline in the number of detectable dots along
the Z-direction. Therefore, although the entire section is imaged,
we recommend quantifying the mRNA concentrations based only
on the first 10 optical sections (3 pm), where such scattering
effects are negligible.
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Fig. 3. Considerations in probe library design. (A) Designing an intronic probe library that spans all of the introns minimizes the chance to miss TS. Red circle represents a
single exonic probe; green circle is a single intronic probe. Top illustration shows the less optimal design of the intron library in which all probes are designed to be
complementary to the first intron. The first intron may be spliced out early, and thus the TS will only exhibit an exonic dot (cell illustration on the right). In such case the TS
will be missed leading to underestimation of transcription rate. The second design is preferable since the intronic probe library is designed to target introns throughout the
length of the gene. (B) The conversion factor # is based on the spread of the exonic probe library along the gene. Design A will lead to # ~ 1 indicating that an average Pol2
molecule will yield dot intensity that is equivalent to a cytoplasmic dot having the full set of 48 probes bound. Design B will lead to 1 ~ 0.5 indicating that an average Pol2
molecule will yield a dot that is approximately half the intensity of a cytoplasmic dot having only half of the 48 probes bound. (C) Plot illustrates the number of exonic probes
bound on a nascent mRNA attached to Pol2 molecules at different locations along the gene. Blue curve illustrates a library such as design A, red curve illustrates a library such
as design B.
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We recommend acquiring Z-stacks in 5 different channels, three
smFISH channels, DAPI channel for nuclear detection and GFP
channel for imaging phalloidin-FITC membrane stains to reveal
cellular boundaries. When imaging three smFISH channels the fil-
ter cubes must be chosen carefully to minimize bleed through
between the different channels. Table 1 lists the filter cubes of
choice. Note that we image the cy5 channel with a cy5.5 filter cube.
Although this filter cube is sub-optimal for detection of cy5 emis-
sion since it is shifted farther to the red compared to the cy5 emis-
sion peak it minimizes bleed-through from the A594 channel and
still provides cy5 dot-detection that is not inferior to the cy5 filter
cube. Typical exposure times in our optical setup are around 1-3 s
for the smFISH channels. Our mounting medium includes scav-
engers of Reactive Oxygen Species (ROS) [41], which are critical
to avoid bleaching of the cy5 fluorophores during the relatively
long exposure times applied.

Since we are detecting diffraction-limited dots it is important to
image with a spatial resolution that exceeds the diffraction limit
[27]. Using a 100X objective and a CCD of 1024 * 1024 pixels with
a physical size of 13 mm we obtain a pixel size of 0.13 pm which
maintains this condition.

6. Computational methods

We describe two methods for extracting transcription and
degradation rates using smFISH. In the first (termed ‘single-cell
method’) we quantify the average amount of mRNA per cell as well
as the average transcription rate per cell by imaging thick tissue
sections, facilitating detection of the entire nuclear volume. In
the second method (termed ‘pooled method’) we quantify the ratio
between overall transcription rate and mRNA levels by imaging
thin sections and pooling all cells in an imaging field. The first
approach is ideal when single cells can be clearly segmented, e.g.
in tissues such as the liver, whereas the second approach is more
suitable for tissues such as the intestinal epithelium where cells
are often overlapping and cannot be easily segmented. We provide
a software, TransQuant (Supplementary material), that imple-
ments dot counting, as well as rates estimation by the pooled
method.

6.1. Single cell method

Fig. 2A presents a flowchart of the computational pipeline for
the single-cell method. This method entails quantification of the
fraction of chromosomal copies that are actively transcribing (f,
(Fig. 2A2)), the average rate of mRNA production from each active
TS (Fig. 2A3) and the average numbers of cytoplasmic mRNA mole-
cules per cell (X, (Fig. 2A1)).

The output of the imaging session is a set of three dimensional
image stacks. The first computational step is to use image process-
ing to count the number of dots in these three-dimensional stacks.
We perform dot counting and cell segmentation using the Matlab
based GUI TransQuant (Supplementary material). Cell segmenta-
tion is based on FITC-phalloidin membrane staining and DAPI
nuclear staining.

Table 1
Filter cubes used for the three fluorescent smFISH channels.
Fluorophore Company Filter cube
Cy5 Chroma 49022-ET Cy5.5 filter cube
Alexa594 Omega Custom cube consisting of 590DF10 excitation
optical filter, 610DRLP dichroic filter and 630DF30
emission filter
TMR Omega XF204 filter cube
optical

Eq. (3) requires measurements of the average number of mRNA
molecules per cell at steady state (X;). While directly counting all
mRNA molecules in a cell is feasible when cells are spread out on a
coverslip and are thus completely included in a few Z-stacks, large
cells in intact tissues such as liver may require imaging to a depth
of 10 um or more. The optical aberrations in the tissue render it
impossible to accurately count dots at a depth of more than 3-
4 pm from the coverslip. To alleviate this problem we first com-
pute the cytoplasmic mRNA concentration based on the Z-stacks
for which reliable dots can be detected, and then multiply this con-
centration by the cellular volume, taken from literature.

Detection of active TS (Fig. 2A2) can in principle be performed
fully automatically by computationally detecting exonic and intro-
nic dots that are nuclear and physically closer than some critical
threshold [3]. This approach, however, has some caveats. There
are situations in which the transcribed gene is long and rather than
observing diffraction-limited dots, we observe fluorescence over
several image voxels. In addition, when transcription rate is extre-
mely low, dots may be barely detected automatically. This could
happen in cases where a single Pol2 is actively transcribing but is
situated at the beginning of the gene, and thus has a short mRNA
tail where only few probes can bind. In such cases, dots will be
much dimmer than the mature mRNA dots in which all the
designed probes can bind.

Due to these and other factors we recommend manually identi-
fying the double-labeled nuclear TS dots, using software such as
FIJI [62] (see TransQuant, Supplementary materials). Once TS have
been identified the fraction of active TS per cell is the ratio between
the number of TS per cell and the expected number of chromoso-
mal copies. These would in general be two for diploid cells but
potentially higher, e.g. in a polyploid tissue such as the mammalian
liver or in rapidly cycling cells where some cells are in G2. When
computing f, it is important to use only the nuclei for which the
entire 3D volume is included in the image stacks. We validate this
by reconstructing the nuclear area profile based on the DAPI
images and removing nuclei that exhibit a maximum of the
cross-section profile that is too close to the stack edges [3].

The last parameter to be measured is the average transcription
rate from active TS, p (Fig. 2A3). To estimate this rate we must first
determine the average polymerase occupancy of a TS, the number
of Pol2 molecules situated on the chromosomal locus that is
actively involved in transcription (M, Eq. (5)). The higher M the
brighter would be the TS dot. To estimate M we quantify the inten-
sity of both the cytoplasmic exonic dots (Ig.nonts) as well as the
intensity of the TS exonic dots (Iz.rs). To this end, we integrate
the background-subtracted values of all dot pixels in the optical
Z-section where the dot is brightest [3]. We next use the following
formula to obtain M:

M = Igqs/(n - i - median(Igponts)) (6)

where [x] is the ceiling operator, the lowest integer number larger
than x, Ir.7s is the intensity of the TS dot appearing in the exonic
channel and the median is taken over non-TS that are in the same
optical section as the maximal-intensity section of the TS. Eq. (6)
has two important conversion factors, one for the spread of the exo-
nic probes along the gene of interest (77) and another for the inferred
occupancies (k).

The first conversion factor, #, incorporates the physical location
of each probe in the smFISH library along the gene of interest. To
understand the importance of this conversion, consider the differ-
ence between a library design in which all 48 exonic probes bind
the first 10% length of the gene and another design in which the
48 probes are evenly spread along the gene. If the average Pol2
molecule is situated in the middle of the gene the first design will
yield a dot intensity that is almost equivalent to a cytoplasmic dot
having the full set of 48 probes bound, whereas the second design
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will yield a dot that is approximately half the intensity (Fig. 3B
and C). The equation describing the correction factor is:

-5

where L is the length of the gene and N(i) is the number of probes
bound to a nascent mRNA attached to a Pol2 molecule that has
reached position i on the gene. N(L) is the full complement of 48
library probes, representing the intensity of a cytoplasmic dot. i
is close to 1 when probes are designed to target the first part of
the gene, approximately 0.5 when probes are uniformly spread
along the target gene and close to O if probes mainly target the last
part of the gene (Fig. 3B). # can be calculated using the TransQuant
software (Supplementary materials).

The second conversion factor, x, is obtained by using Eq. (6) on a
fully mature cytoplasmic mRNA dot (for which we use #=1).
Although the ‘occupancy’ of such a dot should be 1 the inferred
occupancy is in fact higher because of the ceiling operator in Eq.
(6). Thus the equation for this correction factor is:

K= IE-nonTS/(median(IE-nonTS)) (8)

Once the average occupancy of a TS has been determined using
Eqgs. (6)-(8) we convert this to transcription rate using Eq. (4). The
average speed of Pol2 can be taken from literature [21,31] or cali-
brated in-house [3]. Importantly, our estimates assume that all
nascent mRNA that are localized on the TS are attached to Pol2
molecules that are actively proceeding at a constant rate and that
the fully transcribed mRNA is immediately released when the Pol2
reaches the 3’ end of the gene. When this is not the case our anal-
ysis may lead to over-estimation of the transcription rates. These
assumptions can be validated by comparing dot intensities of dual
color libraries that target the first and last exonic parts of the gene
of interest [3].

Once the average number of cytoplasmic mRNA dots per cell
(Xs), the average probability of a chromosomal locus to be tran-
scriptionally active (f) and the average transcription rate from such
active TS (u) have been estimated we use Eq. (5) to extract B, the
average cellular transcription rate. We also use Eq. (3) to obtain
the degradation rate, the ratio between transcription rate and aver-
age cytoplasmic mRNA.

6.2. Pooled method

An alternative to the single-cell method that is more applicable
to thin sections and to conditions where individual nuclei and cells
cannot be easily segmented is to treat the entire imaging field as a
‘meta-cell’, thus computationally pooling all transcription sites and
mRNA dots. In this method we first count all mRNA molecules in
the first 10-15 stacks of the imaging field, X (Fig. 2B1). Next,
we manually mark all active TS in the quantified stacks of this
imaging field using FIJI, by identifying the nuclear double-labeled
dots. We then use Eq. (5) to obtain the Pol2 occupancy of each
TS dot, M;, and compute the pooled transcription rate (Fig. 2B2) as:

M.
fur = v s ©)
Finally we compute the degradation rate as:
o Ba
o = at 10
Xstfall ( )

As in the single-cell method, the pooled method also enables
differentiating between low transcription rates of many active TS
(high f, low p) and high transcription rates of a few “bursting”
active TS (low f, high u), however with lower accuracy. Unlike
the single-cell method for which f is directly computed, in the

pooled method one can manually count the number of cells in
the imaging field and divide the total number of active TS by the
expected number. While this provides a reasonable estimate of f
in uniform tissues, this approach may be error-prone when there
is high single-cell variability in the ploidy levels of cells, e.g. in a
polyploid tissue such as the liver.

The pooled method enables inference of the key parameters
without the need to segment cells, a process that involves manual
labor. In addition, it requires only thin sections, which are easier to
cryo-section and require less delicate handling during the protocol
washing steps. However, unlike the single-cell method it provides
only coarse information about the heterogeneity of the tissue,
mainly controlling for the broad location of the cells within the tis-
sue. To avoid mixing cells of different types one can manually seg-
ment ‘excluded regions’ in the image where dots are not counted,
e.g. non-paranchymal cells in the liver or non-epithelial cells in the
intestine. The pooled method is implemented in TransQuant (Sup-
plementary materials).

7. Limitations and outlook

Finally, we note some assumptions and limitations of our tech-
nique, as well as potential improvements:

Our inference assumes that the expression of the gene of inter-
est is at steady state (Eq. (2)). While this assumption holds if the
mRNA lifetimes are much shorter than the typical temporal
changes that may affect the gene expression rates [1], there are sit-
uations where this would not be the case. For example, a liver
metabolic gene that is highly responsive to feeding may have just
been turned ON if the mouse has eaten within the last few min-
utes. In such situations we may observe many bright transcription
sites but low numbers of cellular mRNA, since the cell has not yet
had time to reach steady state. In such cases we may erroneously
infer that the gene has highly unstable transcripts. Additional
sources of variability may be circadian rhythms, physical activity
and stress, which can yield temporally fluctuating transcription
and degradation rates. To overcome this limitation it is recom-
mended to sequentially sacrifice mice at several close time points
(e.g. within an hour) and to examine the reproducibility of the
inferred transcription and degradation rates on several mice at
each time point.

Some genes are intron-less, e.g. many transcription factors, thus
prohibiting the design of an intronic library. In these situations one
can still use the exonic library to seek bright nuclear dots; how-
ever, this may lead to underestimation of the rates of genes with
low transcription rate, where we might miss the dim TS dots. An
alternative strategy to detect which nuclear exonic dots are active
TS in such cases is to design probes against introns of highly tran-
scribed genes that are located at close proximity on the same chro-
mosome [38].

Our approach assumes that all nascent mRNA at the TS are
physically attached to Pol2 molecules that are advancing at a con-
stant rate. For genes that are long enough a single-molecule-based
control experiment to validate this assumption is recommended
[3].

Our estimates of TS intensities assume that they are diffraction-
limited objects. In some situations (particularly for long genes) TS
may actually encompass several voxels. In these cases it is recom-
mended to quantify the total intensity of the TS rather than the
integrated intensity at the brightest optical Z-section.

Egs. (2) and (3) use the cytoplasmic levels of mRNA, since
nuclear mRNA degradation is generally negligible. The pooled
method uses all mRNA in the field of view instead of only the cyto-
plasmic mRNA, since the calculations are performed without cell
segmentation. For most genes the levels of cytoplasmic mRNA will
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be substantially higher than nuclear mRNA, however this is not
always the case (Bahar Halpern et al., unpublished results). For
genes with substantial nuclear retention the pooled approach
may lead to under-estimation of the degradation rates. To over-
come this, one can segment representative cells to estimate the
fraction of total mRNA that is cytoplasmic and use this as a correc-
tion factor.

A fundamental limitation of the smFISH approach is that single
molecule detection is currently unfeasible in thick tissues, due to
the optical aberrations introduced by the tissue. A new set of tech-
nologies for tissue clearing [14,37,73,78] may alleviate this limita-
tion, allowing single molecule detection in substantially thicker
tissues.

Our Egs. (1)-(5) neglect details of the stochastic processes of
transcription and degradation, including promoter-coupled RNA
degradation [18,25,74], promoter jamming [5,67,77] and refractory
periods between bursts and degradation events [47,52,69,81].
Future elaborations on our method may facilitate inferring these
additional important details.

8. Concluding remarks

The single-molecule FISH method described here is a generic
technique to quantify the fundamental gene expression parame-
ters of any gene of interest in defined sub-populations in an intact
tissue. It enables assessment of differential regulation of gene
expression through either modulation of transcription rates or
mRNA stability and can facilitate description of how the tissue
microenvironment affects these parameters. The ability to simulta-
neously measure distributions of single-cell mRNA counts further
enables analysis of how transcription and degradation rates shape
gene expression variability [3]| and the single-cell statistics of TS
can be used to tease out the relative contribution of extrinsic and
intrinsic factors to this variability [3,59,70]. In addition, correla-
tions between TS of different genes at the single-cell level can
potentially uncover novel regulatory interactions and co-
regulation [68]. Careful planning of smFISH libraries and analysis
of their intensities can enable characterization not only of the aver-
age transcription rate but also the patterns of polymerase proces-
sivity and potential locations of polymerase pausing [3]. We
believe this method can be a powerful technique that comple-
ments high-throughput methods for measuring transcription and
degradation rates in mammalian tissues.
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