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1 Introduction

INSPEcT provides an R/Bioconductor compliant solution for the study of dynamic transcriptional regulatory
processes. Based on RNA- and 4sU-seq data, which can be jointly analyzed thanks to a computational
normalization routine, INSPEcT determines mRNA synthesis, degradation and pre-mRNA processing rates
over time for each gene, genome-wide. Finally, the INSPEcT modeling framework allows the identification
of gene-level transcriptional regulatory mechanisms, determining which combination of synthesis, degradation
and processing rates is most likely responsible for the observed mRNA level over time.

INSPEcT is based on the estimation of total mRNA levels, pre-mRNA levels (from RNA-seq), synthesis rates
and processing rates (from 4sU-seq), and degradation rates from the combined analysis of these two data types.
4sU-seq is a recent experimental technique developed to measure the concentration of nascent mRNA and for
the genome-wide inference of gene-level synthesis rates. During a short pulse (typically few minutes), cells
medium is complemented with 4sU, a naturally occurring modified uridine that is incorporated within growing
mRNA chains with minimal impact on cell viability. The chains which have incorporated the uridine variant
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(the newly synthesized ones) can be isolated from the total RNA population by biotinylation and purification
with streptavidin-coated magnetic beads, followed by sequencing. The the main set of steps in the INSPEcT
workflow is as follows:

• Exonic and intronic RPKM for both RNA- and 4sU-seq are determined for each gene. Exonic and intronic
RNA-seq RPKM allow to quantify the total mRNA and pre-mRNA, respectively (makeExonsGtfFromDb,
makeIntronsGtfFromDb, makeRPKMs).

• Normalized synthesis, processing and degradation rates are obtained by integrating RNA- and 4sU-seq
data (newINSPEcT).

• Rates, total mRNA and pre-mRNA concentrations are modeled for each gene to assess which of the
rates, if any, determined changes in mRNA levels (modelRates).

• Simulated data that recapitulate rate distributions, their variation over time and their pair-wise correla-
tions are created and used to evaluate the performance of the method (makeSimModel, makeSimDataset,
rocCurve).

Within this vignette, a complete INSPEcT analysis is presented (Figure 1). For details regarding INSPEcT
extended methods description, refer to de Pretis S. et al., Bioinformatics (2015).

2 Quantification of Exon and Intron features

The INSPEcT framework includes functions to generate GTF annotation files that can be used to quantify Exon
and Intron features, both in 4sU- and RNA-seq experiments. To facilitate this, two methods of the TranscriptDB
class have been implemented within INSPEcT: makeExonsGtfFromDb and makeIntronsGtfFromDb. In order
to save computation time, the following code is not evaluated.

library(INSPEcT)

require(TxDb.Mmusculus.UCSC.mm9.knownGene)

txdb <- TxDb.Mmusculus.UCSC.mm9.knownGene

makeExonsGtfFromDb(txdb, type='gene', 'exons_mm9.gtf')

makeIntronsGtfFromDb(txdb, type='gene', 'introns_mm9.gtf')

After the annotation files are created, INSPEcT takes as input 4sU- and RNA-seq alignment files in SAM
format, quantifies the number of reads that overlap with both exonic and intronic features per each gene and
transforms them in RPKMs expression values. The following sample code is not evaluated in the vignette.

sampaths_4su <- system.file('extdata', '4sURNA_0h.sam', package="INSPEcT")

sampaths_total <- system.file('extdata', 'totalRNA_0h.sam', package="INSPEcT")

rpkms <- makeRPKMs(tpts=0, sampaths_4su, sampaths_total, out_folder = ".",

exons_gtf_file = 'exons_mm9.gtf',

introns_gtf_file = 'introns_mm9.gtf')

3 RNA- and 4sU-seq RPKMs

As anticipated in the previous section, the code that generates RPKMs has not been evaluated. For this
reason pre-computed expression values for 500 genes are provided with the package. In case intronic and
exonic RPKMs have been computed by the user using alternative methods, they can be provided at this level.
A named list of RPKMs can be loaded by typing:
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Figure 1: Representation of the INSPEcT workflow

data('rpkms', package='INSPEcT')

str(rpkms)

## List of 4

## $ rpkms_4su_exons : num [1:500, 1:9] 2.09 1.38 4.82 12.46 8.98 ...

## ..- attr(*, "dimnames")=List of 2

## .. ..$ : chr [1:500] "77595" "66943" "16969" "76863" ...

## .. ..$ : chr [1:9] "4sU_t_0" "4sU_t_0.17" "4sU_t_0.33" "4sU_t_0.5" ...

## $ rpkms_4su_introns : num [1:500, 1:9] 0.636 0.823 2.843 3.426 2.831 ...

## ..- attr(*, "dimnames")=List of 2

## .. ..$ : chr [1:500] "77595" "66943" "16969" "76863" ...

## .. ..$ : chr [1:9] "4sU_t_0" "4sU_t_0.17" "4sU_t_0.33" "4sU_t_0.5" ...

## $ rpkms_total_exons : num [1:500, 1:9] 2.85 5.09 10.09 35.98 30.37 ...

## ..- attr(*, "dimnames")=List of 2

## .. ..$ : chr [1:500] "77595" "66943" "16969" "76863" ...
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## .. ..$ : chr [1:9] "total_t_0" "total_t_0.17" "total_t_0.33" "total_t_0.5" ...

## $ rpkms_total_introns: num [1:500, 1:9] 0.433 0.289 3.196 2.742 2.648 ...

## ..- attr(*, "dimnames")=List of 2

## .. ..$ : chr [1:500] "77595" "66943" "16969" "76863" ...

## .. ..$ : chr [1:9] "total_t_0" "total_t_0.17" "total_t_0.33" "total_t_0.5" ...

4 Estimation of rates

INSPEcT is based on a simple model of differential equations that describes the process of synthesis and
processing of pre-mRNA and the degradation of mature mRNA. Equations model the synthesis of new pre-
mRNAs which then decay into mature mRNAs, which in turn exponentially degrade and are removed from
the system. The model is based on two main assumptions that are widely used in the description of mRNA
life cycle: pre-mRNAs are not degraded, and translocation of mRNAs from nucleus to cytoplasm occurs im-
mediately after maturation, or at a rate considerably faster than the rate of degradation (Rabani M. et al.,
Nature Biotechnology, 2011; Sun M. et. al, Genome Research, 2012). The model lacks any spatial assumption,
like segregation of mRNAs into cellular compartments that could impact the degradation rate, but this is a
consequence of the non-spatial nature of the data:

{
Ṗ = a(t)− c(t)P

Ṫ = a(t)− b(t) (T − P )

where T is total RNA, P is pre-mature RNA, a(t) is the synthesis rate, b(t) is the degradation rate and c(t)
is the processing rate. After having quantified data from RNA-seq (R) and 4sU-seq (labeled, L) libraries into
intronic and exonic RPKMs (makeRPKMs function), the newINSPEcT method is used to estimate synthesis,
processing and degradation rates by solving the above system of differential equations applied at every time
point (t) to both the total and labeled fractions. When applied to the labeled RNA fraction, the system can
be solved and integrated between t− tL and t, assuming that no labeled molecules existed before the labeling
pulse (tL). At each time point, INSPEcT solves a system of four equations:


ṖRt = at − ct PRt

ṪRt = at − bt (TRt − PRt)
PLt =

at
ct

− (1− ect tL)

TLt = at tL

with three unknowns at, bt and ct which are respectively the synthesis, degradation and processing rates at
time t. PRt is equal to the pre-mRNA level (intronic RNA-seq RPKM), TRt is equal to the total mRNA level
(exonic RNA-seq RPKM), and PLt is equal to the pre-mRNA level as quantified in the labeled fraction (intronic
4sU-seq RPKM). Finally, TLt is equal to the total mRNA level as quantified in the labeled fraction (exonic
4sU-seq RPKM). ṖRt , ṪRt are estimated from the interpolation of PR(t) and TR(t). The overdetermination
of the system is used to calculate a time-point specific scaling factor between RNA- and 4sU-seq RPKMs that
can be visualized using the sfPlot method.

In order to create an object of class INSPEcT and to calculate the first estimates of rates and concentrations
for each gene, the specific time points of the time-course, the 4sU labeling time and the RPKMs corresponding
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to labeled and total fraction of the intronic and exonic regions of each gene have to be provided (here time
is in hours). All results are stored in an object of class INSPEcT and rates can be accessed with the
ratesFirstGuess method. This sample code calculates rates and concentrations on a sample set of 500
genes:

tpts <- c(0, 1/6, 1/3, 1/2, 1, 2, 4, 8, 16)

tL <- 1/6

mycerIds <- newINSPEcT(tpts, tL, rpkms$rpkms_4su_exons, rpkms$rpkms_total_exons,

rpkms$rpkms_4su_introns, rpkms$rpkms_total_introns)

## For some genes only synthesis and degradation will be evaluated because they have zero

valued features in more than 2/3 of the time points in their intronic features: 333193;

94067; 230866; 68961; 100042464; 667250; 59288; 100038734; 100113398; 100040591

## Some genes have only exons RPKMs, on them only synthesis and degradation will be evaluated.

## Number of genes with introns and exons: 490

## Calculating scaling factor between total and 4su libraries...

## Estimating degradation rates...

## Estimating processing rates...

## Number of genes with only exons: 10

## Estimating degradation rates...

head(ratesFirstGuess(mycerIds, 'synthesis'))

## synthesis_0 synthesis_0.17 synthesis_0.33 synthesis_0.5 synthesis_1 synthesis_2

## 77595 7.528854 4.980970 5.876078 5.658038 4.855749 4.002908

## 66943 5.000007 3.492451 4.341861 5.217094 5.399309 3.888288

## 16969 17.386770 13.751558 14.963087 16.621702 16.138508 12.980762

## 76863 44.986626 41.850756 44.267417 45.791007 48.873205 37.520985

## 56372 32.434462 27.747296 29.820630 33.162516 33.290951 26.140684

## 64540 47.722321 36.832310 43.235743 46.420279 61.259644 47.602034

## synthesis_4 synthesis_8 synthesis_16

## 77595 4.661779 3.858624 5.182438

## 66943 3.504487 2.677346 3.030138

## 16969 14.367606 11.858020 12.744490

## 76863 41.582881 38.809257 36.507584

## 56372 31.190347 25.787364 26.545396

## 64540 50.681092 45.600072 44.062532

In case of a long 4sU labeling time (longer than 10-15 minutes), it could be useful to activate the degDuringPulse
option, as shown below. This option estimates all the rates of the RNA life-cycle without assuming that no
degradation of the newly synthesized transcripts occurs during the pulse. The longer the labeling time is, the
weaker this assumption gets. This option, however, involves solving a more complicated system of differential
equations and for this reason it is not recommended for short labeling times.

mycerIdsDdp <- newINSPEcT(tpts, tL, rpkms$rpkms_4su_exons, rpkms$rpkms_total_exons,

rpkms$rpkms_4su_introns, rpkms$rpkms_total_introns, degDuringPulse=TRUE)

head(ratesFirstGuess(mycerIdsDdp, 'synthesis'))

## synthesis_0 synthesis_0.17 synthesis_0.33 synthesis_0.5 synthesis_1 synthesis_2

## 77595 NA 2.724744 3.859345 NA 3.258887 2.068047

## 66943 3.094814 1.761557 2.543052 3.350615 3.272026 1.849687
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## 16969 10.794264 7.051832 8.762162 10.429266 10.077017 6.289382

## 76863 28.220790 21.240793 27.455001 31.717235 30.431901 18.561958

## 56372 19.993827 13.969297 17.992680 21.838718 20.240896 12.931562

## 64540 29.523348 18.502119 25.497247 29.268466 37.593169 23.237142

## synthesis_4 synthesis_8 synthesis_16

## 77595 2.145898 1.660380 2.682595

## 66943 1.490424 1.064857 1.324706

## 16969 6.062606 4.840076 5.594335

## 76863 17.833343 15.978358 16.167738

## 56372 13.125875 10.454437 11.543240

## 64540 21.248434 18.313065 19.043152

5 Subsetting of an INSPEcT object and visualization of pre-modeling rates
and concentrations

It is possible to subset the INSPEcT object and focus on a specific set of genes. For the sake of speeding up
the downstream analysis, we are going to focus on the first 10 genes of the obtained INSPEcT object. We can
now display the total and pre-mRNA concentrations together with the synthesis, degradation and processing
pre-modeling rates they originated from using the inHeatmap method (Figure 2).

mycerIds10 <- mycerIds[1:10]

inHeatmap(mycerIds10, clustering=FALSE)

6 Modeling of rates to determine transcriptional regulatory mechanism

Once a prior estimate is obtained for synthesis, processing and degradation rates over time for each gene,
INSPEcT tests different models of transcriptional regulation to identify the most likely combination of rates
explaining the observed changes in gene expression (modelRates method). To this purpose, a parametric
function is fit to each rate over time, through minimization of residual sum of squares. Once the parametric
functionalization for synthesis, degradation and processing rates are obtained, it is possible to test how those
parametric functions recapitulate the experimental data they originated from after an additional minimization
step. To identify the most likely mechanism of transcriptional regulation, INSPEcT tests the possibility that
each rate is constant during the time course by building models that alternatively set as constant one, two or
all the three rates. Due to the fact the the initial parameters for each rate function are initialized randomly, the
seed argument in modelRates can be set to obtain reproducible results. Following this modeling procedure,
new rates are computed and they can be accessed through the viewModelRates method and visualized with
the inHeatmap method (Figure 3).

nCores(mycerIds10) <- parallel::detectCores()

mycerIds10 <- modelRates(mycerIds10, seed=1)

head(viewModelRates(mycerIds10, 'synthesis'))

## synthesis_0 synthesis_0.17 synthesis_0.33 synthesis_0.5 synthesis_1 synthesis_2

## 77595 7.126555 5.344305 5.343918 5.317712 4.746869 4.744761

## 66943 4.515331 4.515581 4.587750 5.149937 5.248445 3.556650
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Figure 2: Heatmap of the pre-model rates representing the concentrations of total mRNA and pre-mRNA and
the rates of the mRNA life cycle

## 16969 16.194439 15.375145 15.374862 15.374862 15.374834 13.547124

## 76863 42.262120 42.262120 42.262120 42.262120 42.262120 42.262120

## 56372 29.577186 29.577186 29.577186 29.577186 29.577186 29.577186

## 64540 41.863501 41.863973 42.035407 46.599833 50.022497 50.024394

## synthesis_4 synthesis_8 synthesis_16

## 77595 4.744761 4.744761 4.744761

## 66943 3.105208 3.105143 3.105143

## 16969 13.280429 13.280429 13.280429

## 76863 42.262120 42.262120 42.262120

## 56372 29.577186 29.577186 29.577186

## 64540 50.024394 50.024394 50.024394

inHeatmap(mycerIds10, type='model', clustering=FALSE)

The geneClass method can be used to recapitulate the transcriptional regulatory mechanism assigned to each
modeled gene. In particular, each gene is assigned to a class named after the set of varying rates, if any (”0”
denotes a gene whose rates are constant over time, ”a” denotes a gene whose synthesis changes over time,
”b” denotes a gene whose degradation changes over time, ”c” denotes a gene whose processing changes over
time).

geneClass(mycerIds10)

## 77595 66943 16969 76863 56372 64540 74194 110651 72972 19230
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Figure 3: Heatmap of the modeled rates representing the concentrations of total mRNA and pre-mRNA and
the rates of the mRNA life cycle

## "a" "ab" "a" "0" "0" "a" "b" "a" "ac" "0"

The plotGene method can be used to investigate profiles of mRNA concentrations and rates for a given
gene. Estimated synthesis, degradation and processing rates, pre-mRNA and total mRNA concentrations are
displayed with solid thin lines, while their variances are in dashed lines and the modeled rates and concentrations
are in thick solid lines. This example shows a gene of class ”ab”, indicating that its levels are controlled by
both synthesis and degradation. In this case, the variation of multiple rates determines opposite trends for
total and pre-mRNA concentrations over time: despite a decrease in the synthesis rate over time, the levels of
total mRNA increase mostly due to a decrease in the degradation rate (Figure 4).

plotGene(mycerIds10, 2, fix.yaxis=TRUE)

For each model, the chi-squared statistic that measures the goodness of the fit is calculated. In order to
evaluate how good the models are able to recapitulate the experimental data, the chi-squared test p-values of
the model that better represents the transcriptional scenario for each gene can be visualized as a histogram
(Figure 5). Eventually, models with a p-value of the chi-squared test higher than a selected threshold can be
discarded.

chisq <- chisqmodel(mycerIds10)

hist(log10(chisq), main='', xlab='log10 chi-squared p-value')

discard <- which(chisq>.05)

featureNames(mycerIds10)[discard]
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Figure 4: Pre-model and modeled concentrations and rates for a selected gene with standard deviation, where
available
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Figure 5: Histogram of the p-values from the goodness of fit test for selected models

## [1] "56372" "74194"

mycerIds10new <- mycerIds10[-discard]

7 Evaluation of performance via simulated data

INSPEcT provides functionality to build a synthetic dataset for which the transcriptional scenario is known for
each gene. Simulated data can be used to evaluate the performance of INSPEcT in classifying each rate as
constant or variable over time, and to estimate the number of time points and replicates necessary to achieve
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a given performance. The method makeSimModel takes as arguments an INSPEcT object and the number
of genes that have to be sampled. The INSPEcT object is used to sample absolute values of the rates, fold
changes, correlations between absolute values and fold changes and variance of the noise to be added to each
feature. Optionally, the user can provide a new set of time points where the synthetic dataset will be sampled,
and the ratio between the constant rates, the rates modeled with an impulse model and the rates modeled
with a sigmoid function. By default the ratio is .5 constant, .3 impulse, .2 sigmoid.

simRates <- makeSimModel(mycerIds, 1000, newTpts=NULL, seed=1)

The makeSimModel method generates an object of class INSPEcT model which can be used to generate
an object of class INSPEcT using the makeSimDataset method. The makeSimDataset method takes as
arguments the timepoints at which the dataset has to be simulated and the number of replicates that need to
be simulated. The object created by this method can be modeled via modelRates as any other object of class
INSPEcT.

simData1rep <- makeSimDataset(simRates, tpts, 1, seed=1)

nCores(simData1rep) <- parallel::detectCores()

simData1rep <- modelRates(simData1rep, seed=1)

newTpts <- c(0, 1/6, 1/3, 1/2, 1, 1.5, 2, 4, 8, 12, 16, 24)

simData3rep <- makeSimDataset(simRates, newTpts, 3, seed=1)

nCores(simData3rep) <- parallel::detectCores()

simData3rep <- modelRates(simData3rep, seed=1)

It is possible to compare now the performance of the modeling, by comparing the simRates object, which
contains the ground truth of rates, to the simData1rep or simData3rep objects, which contain the predictions
made by INSPEcT on datasets that have been simulated with one replicate of 9 time points or three replicates of
12 time points. Modeled data have been previously computed and stored within the package for computational
time reasons and are not evaluated directly within this vignette. The evaluation of the performance is done
using a ROC curve analysis and measured with the area under the curve (AUC) (Figure 6).

data('simRates', package='INSPEcT')

data('simData1rep', package='INSPEcT')

data('simData3rep', package='INSPEcT')

par(mfrow=c(1,2))

rocCurve(simRates, simData1rep); title("1 replicate - 9 time points", line=3)

rocCurve(simRates, simData3rep); title("3 replicates - 12 time points", line=3)

The method rocThresholds can be used to assess the sensitivity and specificity that is achieved thanks to
the given thresholds for the chi-squared test and for the Brown’s test. If thresholds are not provided, default
values are used (Figure 7).

rocThresholds(simRates, simData3rep, bTsh=c(.01,.01,.05), cTsh=.1)

8 Parameter settings

If desired, different parameters can be set for both the modeling and the testing part. Regarding the modeling
part, we might want to exclude testing sigmoid functions (all evaluated smooth function will be impulse
model functions, useSigmoidFun=FALSE option), increase the number of different initializations that are
performed for each gene (nInit option), or increase the maximum number of steps in the rates optimization
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Figure 6: For each rate, INSPEcT classification performance is measured in terms of sensitivity and specificity
using a ROC curve analysis (rocCurve method). False negatives (FN) represent cases where the rate is identified
as constant while it was simulated as varying. False positives (FP) represent cases where INSPEcT identified
a rate as varying while it was simulated as constant. On the contrary, true positives (TP) and negatives (TN)
are cases of correct classification of varying and constant rates, respectively. Consequently, sensitivity and
specificity are computed using increasing thresholds for the Brown’s method used to combine multiple p-values
derived from the log-likelihood ratio tests

process (nIter option). All these choices could increase the performance of the method, but also the needed
computational time. Nevertheless, the use of sigmoid functions can reduce over-fitting problems and is highly
recommended when the number of data points within the time-course is lower than 7. The impact of these
options can be evaluated using a synthetic dataset.

modelingParams(mycerIds10)$useSigmoidFun <- FALSE

modelingParams(mycerIds10)$nInit <- 20

modelingParams(mycerIds10)$nIter <- 1000

Alternatively we might want to change the thresholds for chi-squared and log-likelihood ratio tests, or define
the specific set of models to be compared with log-likelihood ratio test while assessing if a given rate is variable
or not. In this example, we are changing the thresholds of both the chi-squared test and the Brown’s method
for combining p-values. Regarding the processing rates, only the models in which all rates are constant (”0”)
will be compared to the one in which only processing varies (”c”) to assess the variability of the rates using
log-likelihood ratio test.

thresholds(mycerIds10)$chisquare <- .1

thresholds(mycerIds10)$brown <- c(alpha=.01, beta=.01, gamma=.05)

llrtests(mycerIds10)$processing <- list(c('0','c'))

To have a sense of all parameters that can be set, type:
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Figure 7: Plot of the sensitivity (black curve) and specificity (red curve) that is achieved after performing the
log-likelihood ratio and Brown’s method for combining p-values with selected thresholds. Thresholds that can
be set for chi-squared test to accept models that will undergo the log-likelihood ratio test and for Brown’s
p-value to assess variability of rates.

## modeling

modelingParams(mycerIds10)

## model selection and testing framework

modelSelection(mycerIds10)

thresholds(mycerIds10)

llrtests(mycerIds10)

Enjoy!

9 About this document

sessionInfo()

## R version 3.2.2 Patched (2015-10-08 r69496)

## Platform: x86_64-apple-darwin10.8.0 (64-bit)

## Running under: OS X 10.6.8 (Snow Leopard)

##

## locale:

## [1] en_US.UTF-8/en_US.UTF-8/en_US.UTF-8/C/en_US.UTF-8/en_US.UTF-8

##

## attached base packages:

## [1] stats4 parallel stats graphics grDevices utils datasets methods
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## [9] base

##

## other attached packages:

## [1] INSPEcT_1.0.0 GenomicFeatures_1.22.0 AnnotationDbi_1.32.0

## [4] GenomicRanges_1.22.0 GenomeInfoDb_1.6.0 IRanges_2.4.0

## [7] S4Vectors_0.8.0 Biobase_2.30.0 BiocGenerics_0.16.0

##

## loaded via a namespace (and not attached):

## [1] Rcpp_0.12.1 knitr_1.11 XVector_0.10.0

## [4] magrittr_1.5 GenomicAlignments_1.6.0 zlibbioc_1.16.0

## [7] BiocParallel_1.4.0 highr_0.5.1 plyr_1.8.3

## [10] stringr_1.0.0 tools_3.2.2 SummarizedExperiment_1.0.0

## [13] rootSolve_1.6.6 DBI_0.3.1 lambda.r_1.1.7

## [16] futile.logger_1.4.1 preprocessCore_1.32.0 rtracklayer_1.30.0

## [19] formatR_1.2.1 futile.options_1.0.0 bitops_1.0-6

## [22] RCurl_1.95-4.7 biomaRt_2.26.0 deSolve_1.12

## [25] evaluate_0.8 RSQLite_1.0.0 stringi_0.5-5

## [28] compiler_3.2.2 pROC_1.8 Biostrings_2.38.0

## [31] Rsamtools_1.22.0 XML_3.98-1.3 BiocStyle_1.8.0
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