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ABSTRACT

Changes in transcription factor levels, epigenetic
status, splicing kinetics and mRNA degradation can
each contribute to changes in the mRNA dynamics of
a gene. We present a novel method to identify which
of these processes is changed in cells in response to
external signals or as aresult of a diseased state. The
method employs a mathematical model, for which
the kinetics of gene regulation, splicing, elongation
and mRNA degradation were estimated from exper-
imental data of transcriptional dynamics. The time-
dependent dynamics of several species of adipose
differentiation-related protein (ADRP) mRNA were
measured in response to ligand activation of the tran-
scription factor peroxisome proliferator-activated re-
ceptor & (PPARS). We validated the method by mon-
itoring the mRNA dynamics upon gene activation in
the presence of a splicing inhibitor. Our mathemati-
cal model correctly identifies splicing as the inhibitor
target, despite the noise in the data.

INTRODUCTION

The production and processing of mRNA is a highly reg-
ulated and dynamic process, which is often disturbed in
disease (1-3). Deep-sequencing technologies enable high-
resolution quantitation and monitoring of RNA species,

such as splicing variants, small non-coding RNAs and in-
termediates in mRNA synthesis for all expressed genes of a
cell (4-6). RNA datasets obtained under various conditions,
such as perturbation of cells with signaling molecules, may
be compared. However, it remains hard to infer from differ-
ences between such RNA datasets which particular molec-
ular process is the key determinant of the alterations in
mRNA dynamics (7-9). An interesting challenge to systems
biology approaches is therefore to develop methods that in-
fer molecular causes from such datasets. This may also en-
able the identification of the dominant perturbed processes
in cases of disease.

An important tool in this context is the ability to
measure mRNA dynamics in cultured cells, which has
led to many new observations, such as transcriptional
cycling—oscillatory changes in mRNA levels linked to pe-
riodic switching of gene promoters (10,11). However, the
interpretation of such observations and the elucidation of
mechanisms underpinning them are greatly hampered by
the noise in the data (12,13). Mathematical models can be
very informative in such noisy contexts (14,15). Such mod-
els have the advantage that they enable a more objective
evaluation of the conclusions that can be drawn directly
from the data. This is even more important in cases when
data are potentially oscillatory but also have high measure-
ment noise, when an intuitive interpretation is insufficient.

Mathematical methods for model development on the
basis of experimental data, such as parameter estima-
tion, model discrimination and experimental design, offer
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a rigorous methodology to integrate experimental data on
molecular concentrations with molecular network archi-
tecture (16-19). These methods facilitate the development
of rational perturbation strategies and the identification of
perturbation targets. They likewise improve the understand-
ing of signaling, metabolic and gene networks (20-23). In
this study, we used these techniques to develop a method-
ology for modeling that enables inference of the kinetics of
the molecular processes underlying mRNA dynamics. We
identify the perturbed molecular processes from a compari-
son of mRNA time-series in unperturbed in comparison to
perturbed cells.

The human ADRP gene is a direct target of the tran-
scription factor PPARS (24-27). The function of the ADRP
protein (also known as PLIN2 or ADFP) is associated
with lipid accumulation and lipid droplet formation (26).
The ADRP gene was initially assumed to be specific to
adipocytes and their differentiation process, but now it is
clear that the gene is expressed in all metabolic tissues (28).
Because nuclear receptors, such as PPARS, are directly ac-
tivated by the binding of their cognate ligand, confound-
ing effects of signaling pathways on mRNA dynamics of
their primary target genes are limited (29). Therefore, the
regulation of the ADRP gene in response to PPARS activa-
tion is an attractive system to study temporal transcription-
activation responses.

In this study, we obtained experimental data concern-
ing mRNA dynamics of the ADRP gene in HepG2 human
liver cells. By the use of mathematical modeling, we demon-
strated that we are able to treat the data objectively by com-
paring the prediction of a number of well-defined models
with the noisy experimental data and then obtaining best
fits. The best fits then lead to the rejection of some mod-
els, the choice of a suitable model and estimates of param-
eters that are also otherwise important for the understand-
ing of cell biology. The model we considered incorporates
fundamental processes of mRNA synthesis and process-
ing, such as the promoter ON and OFF cycle, elongation,
splicing, maturation and degradation. Model parameters
were estimated by fitting model predictions to our experi-
mental time courses of the concentrations of RNA species.
We measured an additional time course in the presence of
a splicing inhibitor. By re-fitting of the model, we identi-
fied the parameter corresponding to splicing process as the
most likely target of the perturbation. In conclusion, this
study demonstrates how mathematical modeling of tran-
scription can help to identify which molecular processes are
perturbed in disease or upon treatment with natural or syn-
thetic signaling molecules.

MATERIALS AND METHODS
Cell culture

HepG2 human hepatocellular carcinoma cells were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM)
medium containing 10% fetal bovine serum (FBS), 2 mM
glutamine and 100 U/ml of a penicillin—streptomycin mix-
ture in a humidified 95% air/5% CO; incubator. Approx-
imately 24 h prior to treatment cells were seeded into
medium with 5% charcoal-treated FBS in culture flasks con-
taining 10° cells. For all experiments, cells were treated ei-

ther with solvent dimethyl sulfoxide (DMSO) at a final con-
centration of 0.1% or with 100 nM of the PPARS ligand
GWS501516 (Alexis Biochemicals, San Diego, CA, USA).

RNA extraction and real-time quantitative PCR (qPCR)

Total RNA was extracted from 10 cells using the Quick-
RNA™ MiniPrep isolation kit (Zymo Research, Irvine,
CA, USA). cDNA synthesis was performed for 60 min at
37°Cusing 40 U of M-MulLV reverse transcriptase (Thermo
Scientific), 1 g of total RNA as a template and 100 pM
oligodT;s or random hexamer primers. qPCR was per-
formed on an iCycler (BioRad) using Absolute SYBR
Green Fluorescein (Thermo Scientific). The polymerase
chain reaction (PCR) conditions were: pre-incubation for
15 min at 95°C, followed by amplification steps of 40 cycles
of 30 s at 95°C, 30 s at primer specific temperatures (Sup-
plementary Table S1), 40 s at 72°C and a final elongation
process of 5 min at 72°C. The fold induction was calculated
using the formula 2=(A4€Y where AACt is the ACtigand) —
Act(DMso), ACt is the Ct(ADRp) — Ct(RPLP()) and Ct is the
cycle number at which the threshold is crossed and RPLPO
the reference gene ribosomal protein, large, PO. Quality of
the PCR product was monitored using post-PCR melt curve
analysis. The ACtgigandy — ACtipmso) did not change sig-
nificantly with duration of the experiment (Supplementary
Figure S1).

RNA copy number measurement

cDNA was amplified by qPCR using A4DRP-specific
primers (Supplementary Table S1), the products were re-
solved on a 1.5% agarose gel and cleaned using the
QIAEX® II gel extraction kit (Qiagen, Hilden, Germany).
The DNA amounts were measured using the Quant-iT™
PicoGreen® dsDNA Assay Kit (Invitrogen) and the num-
bers of ADRP fragment copies per unit sample volume were
calculated. A series of 1/10 dilutions was used to create a
standard curve of the Ct value against copy number of the
molecules added to reaction (Supplementary Figure S2A-
C). Transcripts of barnase-coding polyadenylated mRNA
were produced using an in vitro transcription kit (Promega).
The transcript concentration was measured by Nanodrop.
The transcript was added to the cDNA synthesis reaction
in the amounts of 6 x 107 to 1.5 x 10° copies and the re-
sulting amount of cDNA was measured according to a Ct
versus copy number standard curve (Supplementary Figure
S2D), in order to establish the efficiency of cDNA synthe-
sis. This standard curve was used to calculate the number of
copies in DMSO-treated samples known to have ADRP ex-
pression close to average. From this, the copy numbers were
calculated in the cDNA solution, the mRNA extract and
the cell, taking into account the cell number in the culture
(counted before seeding; doubling time of the cells much
exceeded than the duration of the experiment) and max-
imal mRNA yield per culture. An example of calculation
is shown in the Supplemental Material). Replicate samples
of each data point were corrected for the outliers with Me-
dian Absolute Deviation method (30). The significance of
mRNA induction in respect to untreated samples was deter-
mined by two-tailed, paired Student’s ¢-test. Using Mann—
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Whitney test that does not require the normal distribution
of the data did not alter the results.

RINA degradation

HepG2 cells were treated either with vehicle (DMSO, final
concentration 0.1%) or 100 nM GW501516 for 3 h and then
new RNA synthesis was blocked by treating the cells with
50 wM 5,6-dichloro-1-B-D-ribofuranosylbenzimidazole
(DRB, Sigma-Aldrich).

Splicing inhibition

HepG2 cells (3x 10°) were seeded into medium with 5%
charcoal-treated FBS. The splicing inhibitor isoginkgetin
(kindly provided by the Dr Willmar, Schwabe GmbH &
Co. KG, Karlsruhe, Germany) was added after 24 h to
a final concentration of 50 wM. Sixteen hours later cells
were treated either with solvent (DMSO, final concentra-
tion 0.1%) or ligand GW501516 (final concentration 100
nM).

Modeling and parameter fitting

The general models of mRNA metabolism were imple-
mented and the time courses were simulated in Mathemat-
ica 8.0 (Wolfram Research Inc., Champaign, IL, USA) us-
ing standard inbuilt algorithms. The time course data was
fitted using a customary algorithm programmed in Mat-
lab (The MathWorks, Inc., Natick, MA, USA). 4 poste-
riori identification analysis and additional data fitting was
carried out in Mathematica using a Differential Evolution
method of the NMinimize algorithm. Details of the system
structure parameters and approaches are given in the Sup-
plemental Material.

RESULTS

Model of transcriptional dynamics and experimental ap-
proach

We proposed a model for mRNA dynamics, which consists
of a 15-state transcription promoter cycle (Figure 1A) to
account for possible multiple chromatin states of the pro-
moter. The five states of the ‘induction phase’ (marked or-
ange) have transition rates that depend on the presence of
transcription activators. The subsequent five states of the
‘activation phase’ (marked blue) contribute equally to tran-
scription initiation. The subsequent elongation, splicing,
maturation and degradation are all described by first or-
der steps in a sequence, which captures in a simple fash-
ion the stepwise nature of these processes and can account
for the delays in the experimental data. This means that in
this model, mRNA species are observed with a delay with
respect to gene activation time. In the third ‘inactivation
phase’ (marked violet) the regulatory regions of the gene
undergo changes independent of the transcription factor ac-
tivity. To allow for parameter estimation from experimental
data, the model should not contain too many parameters to
prevent over fitting and also not too few to make sure it can
capture the main features of mRNA dynamics. In the Sup-
plemental Material, we outline how we decided on the final
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Figure 1. A mathematical model of transcriptional dynamics of the ADRP
gene in relation to experimental data on pre-mRNA and mature mRNA
accumulation. (A) Network diagram of our mathematical model of mRNA
dynamics. More details can be found in the text and in the Supplementary
Material. (B) Schematic outline of the human ADRP gene and the primer
pairs used for this study. The transcriptional dynamics of pre-mRNA (C)
or mature ADRP mRNA (D) was measured in human HepG?2 cells, which
were stimulated for indicated time points with 100 nM of the PPARS ligand
GW501516. Data points represent the means of at least six biological repli-
cates, which were corrected for outliers; error bars represent the standard
error of the mean. Two-tailed, paired Student’s #-tests were performed to
determine the significance of the ligand-dependent regulation of the ADRP
RNA in reference to vehicle (*) and in comparison of peaks to the minima
(#): *(#) P < 0.05, **(##) P < 0.01, ***(###) P < 0.001.

mathematical model using a model selection and parame-
ter fitting procedure. The mathematical model is based on
ordinary differential equations (ODEs) and mass action ki-
netics. The set of ODEs describing the model is presented
in Table 1.

As an experimental system to assess mRINA dynamics we
have chosen the human ADRP gene (Figure 2B), since it
can be largely controlled by a synthetic ligand of its main
transcription factor, the nuclear receptor PPARS. Using
gPCR with carefully chosen primer pairs (Supplementary
Figure S3A), we performed a first time course measurement
in HepG2 cells over 5 h (with 1 h intervals) after ligand
addition of synthetic PPARS ligand GW501516. The data
showed that the expression of both the ADRP pre-mRNA
(Supplementary Figure S3B), i.e. the RNA species before
splicing of the first intron (observable 1), and of mature
mRNA (Supplementary Figure S3C), i.e. the polyadeny-
lated RNA species after splicing (observable 2), was in-
creased 2- to 3-fold. In our preliminary modeling (Supple-
mentary Figures S4 and Table S2), we found that, in or-
der to discriminate between various models, we would need
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Table 1. ODE description of the irreversible multi-step model of mRNA
dynamics

Process Equations
Activation d(l ! = kyey X2V (1) — act
— RrevAs dct \ (t)
for i=2:5
dxt act act
ar act X1 (1) — kact X< (1)
. X d dea i} §
Deactivation Z—l, = kactX2U(t) — kgea X34(1)
fori=2:5
d"d : ea dea
g = kdeax 1(0) — Kdea X (1)
Reversion T kgeax3%(1) — kyey XIV(1)
dr = tdeats kiey 1
fori=2:5
dx'eV
i = krev)Crev ) — revxrev(t)
e . xS
Initiation E Yl = kini Z \dea(t) — kelo X 10(z)
Elongation fori=2:5
‘lYEIO elo elo
= elox[,l(t) - kelox,' )
.. dx;P
Splicing 1 = kelo CO([) - kspl x1p (1)
for i=2:5
dxP! spl spl
T’r = splx,',l(t) - ksplxl' (1)
. dxP™
Maturation hl = ksplxsp (1) — mmxl (1)
for i=2:5
dxP™° ro o
= matxlp,l(t) - km‘a\txlp (1)
. d( mat
Degradation ;1, = mmxg NO= kgeg XM (1)
fori=2:5
d mll

i kdchmdt(l) - kdchmdt(t)

The equations describe the model presented in Figure 1A. The activation
process corresponds to the induction phase, the deactivation process to the
active phase and the reversion process to the inactive phase of the promoter
cycle.

a higher time resolution. Therefore, we repeated the time
course for gPCR quantification of the expression of ADRP
pre-mRNA (Figure 1C) and of mature mRNA (Figure 1D)
with 15 min intervals, but focused on the first 225 minutes
after the perturbation of HepG2 cells with PPARS ligand.
We observed that the deviation between individual ex-
perimental results was relatively high (average coefficient of
variation was 20-25%, but also up to 40% for some time
points), especially for pre-mRNA, which is less abundant.
A possible explanation for this would be quite complex dy-
namics of the system that varies in its timing between indi-
vidual biological-replicate experiments. Because our mod-
eling showed that such damped oscillatory dynamics could
occur in our kinetic models (see below), we decided not to
discard the data as ‘too noisy’, but to analyze them in fur-
ther detail. The first significant induction of the pre-mRNA
was observed at 30 min (Figure 1C), which fits the prelimi-
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Figure2. Overview of the experimental data and performance of the math-
ematical model. For an improved comparison of experimental data and
modeling results, the qPCR results for the RNA species were converted to
copy numbers per cell. The induction of ADRP pre-mRNA (A) and ma-
ture RNA (B) in response to PPARS ligand treatment are based on the data
shown in Figure 1C and D. For comparison, the transcript decay dynamics
of ADRP pre-mRNA (C) and mature RNA (D) is displayed. In this exper-
imental series HepG2 cells were first stimulated for 3 h with PPARS ligand
and then treated for indicated time points with the RNA polymerase elon-
gation inhibitor DRB. For each time point the small filled dots indicate
individual data points and the circles represent their average. The lines vi-
sualize the performance of the fitted model. The curves shown represent
the mathematical model in its n = 5 version (see Table 1 and Supplemental
Material), which was fitted with the data sets A—C and validated with the
data for the decay of mature mRNA (D). All the individual data points are
reported in Supplementary Tables S3-S5. Please note that the copy num-
bers of the pre-mRNA decay data (D) were multiplied by 0.4, in order to
reconcile the difference with ligand induction experiments (see Supplemen-
tal Material Data: conversion error section). The overview of the timescales
of different processes in mRNA metabolism that were determined by using
parameter estimation procedure is shown in (E).

nary data of Supplementary Figure S3B. However, the four
times more detailed time course demonstrated that the over-
all increase did not seem to be monotonous. The peaks at
45, 120 and 210 min were found to be significantly differ-
ent in comparison to the minima at 15, 75 and 150 min,
respectively. This is in line with other studies showing dy-
namic accumulation of RNA transcripts (10). In contrast,
mature RNA (Figure 1D) increased only gradually, but the
first significant increase was detected only at time point 90
min, i.e. with a 60-min delay compared to the pre-mRNA.
This occurrence of a delay in mRNA dynamics necessitates
a model with reaction sequences.

In order to make the qPCR results amenable to mathe-
matical modeling, we expressed the abundance of the RNA
species in terms of copy numbers per cell. First, we esti-
mated the number of RNA molecules in untreated cells
from the standard curve of the qPCR values versus the copy
number (the full description of the procedure is shown in
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the Supplemental Material). Then we used the fold induc-
tion by ligand treatment to calculate the copy number for
the ligand-treated samples. We found the average number of
mature RNAs per cell to be around 18 (Figure 2B), which
is approximately 15 times higher than the number of pre-
mRNA molecules (on average 1.1 copies per cell, Figure
2A). The experimental limitations led to a rather high error
of the copy number determinations (Supplementary Figure
S5), but the lowest estimate of the copy number mature mR-
NAs was still 5-times higher than the highest of the pre-
mRNA.

To further enlarge the experimental dataset on transcrip-
tional dynamics, we measured the decay of mRNA species
adding the RNA polymerase II elongation inhibitor DRB
(31) after HepG2 cells had been treated for 3 h with PPARS
ligand. This inhibitor has been shown to affect several reg-
ulatory factors of the RNA polymerases (31,32). The decay
kinetics of the A DRP RNA species were measured by gPCR
relative to those of the housekeeping gene RPLPO (Figure
2C and D). The degradation of the known highly stable gene
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
measured in relation to RPLPO as well; the level of GAPDH
mRNA expression did not change during 5 h of DRB treat-
ment (Supplementary Figure S6), confirming stability of the
housekeeping gene. We observed a relatively fast decay of
ADRP pre-mRNA on a scale of 10 min after a delay of a few
minutes (Figure 2C). We attribute this delay to the produc-
tion of pre-mRNA by RNA polymerases that already have
escaped transcription start site (TSS) of the A DRP gene, but
have not yet reached the second exon. For mature ADRP
mRNA we observed a delay of 1 h prior to the start of the
degradation, which showed a far slower kinetics than that
of the pre-mRNA (Figure 2D).

Parameter estimation of the mathematical model

Seven mathematical models, one simple model with single
step transcription initiation (designated n = 0) based on the
scheme shown in Supplementary Figure S4A, one slightly
more complex model that includes two-step initiation (des-
ignated n = 2, based on a scheme in Supplementary Figure
S4B) and five multi-step models that are based on the de-
sign outlined in Figure 1A and Supplementary Figure S4C,
were fitted to the experimental data shown in Figure 2A-C.
The multi-step models differed in the number of sub-states
(n =1, 3, 5, 10 or 20) that they were allowed to have in
each of the processes (promoter activation, splicing, elonga-
tion, etc.). The model n = 0 had only two states and corre-
sponded to a TSS region being constantly active, while the n
= 2 model had a total of five states and included two steps
activation of the promoter. For each of these models, the
kinetic parameters as well as some initial conditions of the
mathematical model were estimated (Supplementary Table
S6) by minimizing a weighted least squares sum that quan-
tifies the distance between model output and experimental
data. We used a global minimization algorithm called Con-
trolled Random Search (CRS) (33), which was modified to
enhance performance (see Supplemental Material, Supple-
mentary Figure S7). We compared different models on the
basis of their minimized weighted sum of the squared differ-
ences between the best fit and the experimental data points,
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their runs-tests and the values of Akaike Information Cri-
terion (AIC) (shown in Supplementary Table S7). The AIC
corrects for the complexity differences of the models. We
found that based on these criteria, the simple models, i.c.
with n = 0 and n = 2 steps, described the data less well than
the models with more steps. The multi-step models, how-
ever, do not produce very different values for any of our
statistical measures, although the n = 10 and n = 20 models
did indicate pronounced oscillatory dynamics (Supplemen-
tary Figure S8). This suggests that transcriptional dynamics
is reliant on a multi-state sequential process. Based on the
combination of scores for the residual, runs-test, AIC and
on visual inspection (spurious oscillations) we decided to
focus on the n = 5 model. In this model (see Figure 1A), all
states have five sub-states and the activation by the ligand
directly changes the rate of the first two transitions in the
promoter activation process.

We next analyzed the parameter fits to the experimen-
tal data. We found optimal parameter sets that minimize
the objective function, which is a measure for the distance
between model and the data. Accordingly, the optimal pa-
rameter set that best describes the data leads to a minimum
of the objective function. If this function depends strongly
on a specific parameter value, then this parameter value is
strongly constrained by the data and otherwise not. An as-
sessment of (a posteriori) parameter identifiability, which
evaluates the dependency of the objective function on the
parameter values, indicates that not all parameter values
could be estimated equally well from the experimental data.
One of the ways to carry out an a posteriori parameter iden-
tifiability analysis is to compute the independent and depen-
dent confidence intervals for the parameters (17). The calcu-
lations for the » = 5 model indicate that certain parameter
values (kelo, Kspl, kmat and kqeg) are fairly well constrained as
both their independent and dependent confidence intervals
are similar and relatively small (Table 2). By contrast, ki,
k4ea and kin;, were poorly constrained and their independent
confidence intervals are much bigger than the dependent
intervals, which indicates a strong co-dependence between
these parameters with others (also reflected by the covari-
ance coefficients, Supplementary Table S8). The exact value
of k¢ kinetic parameter proved to be co-dependent as well,
in particular on other promoter constants, but less strongly.
In Table 2, we compare the fitted parameters to their val-
ues reported in the literature and find that the estimated
values lie within ranges measured experimentally. This is
true both for the parameters that are well constrained and
those that are poorly constrained by the fitting. This indi-
cates that the fitting procedure and the model that we chose
sketches a realistic picture of the underlying mechanistic bi-
ology. The graphic representation of the timescales of vari-
ous processes in mRNA metabolism is given in Figure 2E.

Validation of the mathematical model

In order to validate the mathematical model, we com-
pared the simulated and experimental profiles of mature
mRNA decay after DRB application (Figure 2D). The over-
all degradation timescale of the mature mRNA was in the
order of several hours and displayed a pronounced delay of
about 1 h. This supports the hypothesis of the influx of pre-
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Table 2. Overview of the fitted model parameters and comparison to values reported in the literature

Process Activation Deactivation Reversion Initiation Elongation Splicing Maturation Degradation
Value of fitted 0.106 1.3 1.145 3.436 2.2720.45 0.512 0.161 0.025

rate constant, kb/minb

min~!

Dependent 0.0022 0.0256 0.2840 0.0627 0.4780 0.0158 0.0337 0.0008
confidence

interval

Independent 0.0499 6.8337 4.9264 18.9385 0.7861 0.0817 0.0940 0.0047
confidence

interval

Characteristic 47.1 3.8 4 0.27 22 9.8 31.1 202.4

time, min®

Reported 10-150 min 1-15 min (38) N/A 0.8 min (41) 0.38 -3 kb/min 5-10 min (40) - 30-900 min (~300°
range for (38) (40,41) min) (25,46)
characteristic

time

2The characteristic times are defined as n/k, with n as the number of elementary steps in the processes (always n = 5 except for initiation where n = 1).
®The elongation rate in kb/min as calculated from the fitted characteristic time (2.2 min) and the length of the amplified fragment (1178 nt).

“Degradation rate found specifically for ADRP mRNA.

mRNA that is still in the process of elongation/maturation
(unaffected by DRB) into the mature mRNA pool. The pre-
diction of mature mRNA decay was very close to the experi-
mentally measured values (Figure 2D) and the sensitivity of
the model prediction to parameter perturbation was similar
to the prediction to the sensitivity of the model fit (Supple-
mentary Figures S9 and S10). We found the half-life of the
mature mRNA to be approximately 3 h, which is consider-
ably shorter than the 5 h reported previously (25). The rea-
son for the discrepancy may lie in differences between the
cell lines used, but may also be a result of the degradation
rate fitting procedure that does take into account any delay
due to maturation. If we fit A DRP mature mRNA degrada-
tion with a single exponent, we obtained a half-life of ~4 h,
which is closer to the literature value (25).

RNA degradation mechanism

The degradation of pre-mRNA occurs primarily due to mis-
takes in processing pre-mRNA, such as lack of capping,
aberrant folding, failure of export, etc. (34). We therefore
do not expect this degradation to be a significant contrib-
utor to the degradation of pre-mRNA and consider only
degradation of mature mRNA. The degradation of mature
mRNA can proceed either in the 5’ to 3’ direction, starting
with de-capping, or in the 3’ to 5 direction, starting with
removal of polyA tail. In order to test which of them is
involved in ADRP mRNA degradation, we compared the
amount of the polyA-containing mRNA detected by either
5" (exon 1) or 3’ (exon 6) fragments of the ADRP gene. If
the degradation occurs via 5’ to 3’-pathway we would expect
that the amount of exon 6 fragments would be higher, since
the degradation of the exonl would occur first. In case of
5’ to 3'-degradation, the amounts of both fragments are ex-
pected to be equal; since, after removal of the polyA tail nei-
ther exon can be detected. The average amounts of the ma-
ture mRNA species detected, using exons 1, 3 and exons 5, 6
primers, were very close (18 and 25 copies/cell, respectively)
and could not be distinguished significantly, thus strongly
suggesting that 3’ to 5’ degradation mechanism occurs (Sup-
plementary Figure S5). Additional evidence is provided by
the lack of significant difference in the accumulation dy-
namics of the exon 1 and exon 6 containing mature mRNA.
(Supplementary Figure S11B), which is in line with the 5’ to

3’ degradation mechanism. As a control, to confirm that the
positioning of the 3'-primers does not influence the result of
the qPCR, we designed another primer pair in close proxim-
ity to the initial set (Supplementary Figure S11A), but did
not observe a significantly different result (Supplementary
Figure S11C).

Furthermore, we tried to determine the amount of the
mRNA species that is partially degraded form its 3’ end,
which would allow estimating the degradation rate of
mRNA after the removal of polyA tail. Because all mRNA
species are produced at the same rate by the initiation pro-
cess, the difference between their steady state levels is pro-
portionate to difference in their decay rates. The copy num-
ber of partially degraded species can be calculated by taking
the difference between the measured exons 5, 6 copy number
in the total mRNA fraction and in the polyadenylated frac-
tion at £ = 0. This number also includes unspliced mRNA,
but we expect it to be very low, in the range of few molecules
based on the measured values (Supplementary Figure S5).
Surprisingly, the estimated copy number (21) was compara-
ble to that of polyadenylated mRNA (18) (Supplementary
Figure S5), which suggests that the steady-state degradation
rate of mRNA, after removal of the polyA tail, is similar to
that of the removal of polyA tail. This finding is surprising,
as one would expect an mRNA that is no longer used for
the translation to be degraded quickly.

Using the mathematical model to detect the site of perturba-
tion

One application of mathematical modeling and parameter
estimation that we foresee is the identification of the site
of perturbation from comparisons of unperturbed and per-
turbed mRNA dynamics. To test whether the mathemati-
cal model that we developed can be used for this purpose,
we measured the transcriptional dynamics upon gene acti-
vation in the presence of a splicing inhibitor. We used the
splicing inhibitor isoginkgetin, which targets both the ma-
jor and minor spliceosomes (35), but we will here pretend to
be ignorant of this information and then see if the model can
detect the perturbation in the experimental data. We found
that short inhibitor treatment (3 h) and co-treatment with
PPARS ligand were insufficient to affect pre-mRNA and
mature RNA levels (Supplementary Figure S12). There-
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Figure 3. Re-fitting the model can indicate the perturbation in the system.
Human HepG?2 cells were pre-incubated with 100 uM isoginkgetin for 16
h and subsequently treated with PPARS ligand for the indicated time peri-
ods. qPCR was performed in order to measure pre-mRNA (A) and mature
mRNA levels (B) and copy numbers were calculated. Small filled circles
represent all data points from at least four biological experiments corrected
for outlier and empty circles indicate their mean. All the individual data
points are reported in Supplementary Tables S9. The mathematical model
(adjusted for apparent fold induction) was fitted to the data by changing
a single constant at a time and the quality of the fit was compared for
pre-mRNA (grey) and mature mRNA (green) time courses (C). The best
model obtained by lowering the splicing rate constant was further tested
for fit improvement by changing the remaining constants (D). The best fit
given by adjusting both splicing and degradation constants is also shown
for the pre-mRNA (A) and mature mRNA (B) time courses.

fore, we repeated the experiment with a pre-treatment of
16 h (Figure 3). Under this condition, we observed 3-fold
increased pre-RNA levels (Figure 3A), while the level of
mature mRNA decreased slightly below that of the non-
treated control (Figure 3B). The subsequent treatment with
the PPARS ligand caused an increase of the pre-mRNA
with a broad peak observed at 75-105 min (Figure 3A). The
overall induction of mature mRNA was lower than in the
absence of isoginkgetin, possibly due to non-specific effects
of the inhibitor.

We then re-fitted the best fitting model (i.e. the one shown
in Figure 2) by changing a single parameter at a time (curves
in Figure 3A and B). We compared the resulting quality of
fit for pre-mRNA and mature mRNA: the only parameter
that upon adjustment gave a considerably better fit of the
model to the pre-mRNA as well as a better overall fit was
kspl, unambiguously pointing to the perturbation of splic-
ing as the action of the added inhibitor (Figure 3C). The re-
sulting splicing constant was around four times lower than
that in the fit of the data in the absence of the added in-
hibitor, suggesting that the added inhibitor concentration
was sufficient to inhibit splicing by some 75%. We further
tested if the fit could be improved further by changing other
constants in addition to kyp (Figure 3D). Only a slight im-
provement could be achieved, and only by increasing ke,
but this was below the level of significance (Supplementary
Table S10). The overall goodness-of-fit is worse for the splic-
ing inhibition data when compared to ligand induction time
course data. This is likely due to higher noise in the data as
the average coefficient of variation for the mature mRNA
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time course in the splicing experiment is 0.3 compared to 0.2
in the ligand induction experiment. We therefore conclude
that the model successfully predicts the primary site of the
applied perturbation, and that it is robust against spurious
‘prediction’ of other sites.

Next, we analyzed whether the prediction depended on
the particular set of parameters by changing each parame-
ter independently and comparing the effect on the quality
of the original model fit and on that of the adjusted model.
With the independent parameter perturbations the decrease
in the original fit quality caused a proportional decrease in
the adjusted fit (Supplementary Figure S13), as the sensi-
tivity profiles of the original and refitted models are very
similar (Supplementary Figures S9 and S14). This was not
the case, when the similar procedure was used to estimate
the occurrence of correlated changes of the co-dependent
parameters (Kact, Kdea, Kini OT kreyv). If the co-dependent con-
stants were changed so that the overall rate of mRNA pro-
duction stayed the same, the relative decrease in adjusted
model fit quality was much lower (Supplementary Figure
S14). This means that worse fitting models could be suc-
cessfully fitted to the data from the splicing inhibition ex-
periment. The latter could have been expected due to poor
constraints of promoter constants when changed in a co-
dependent manner. This indicates that if the site of pertur-
bation was at the promoter level, it would likely be impos-
sible to distinguish between changes in, for example, initia-
tion and promoter deactivation rates.

DISCUSSION

In this paper, we integrated a mathematical modeling and
parameter estimation procedure with targeted experiments
in order to understand the dynamics of a nascent mRNA
population upon activation of transcription. The model is
capable of capturing the observed experimental delays in
the appearance of mature mRNA by explicitly incorpo-
rating the essential processes of mRNA transcription and
processing. The transcriptional dynamics of the primary
PPARS target gene, ADRP, in HepG2 human liver cells
served as experimental model. By comparing the mRNA
dynamics of perturbed and non-perturbed cells, our math-
ematical model correctly predicted the site of perturbation.
The quite noisy experimental data provided a challenge.
Under normal conditions, the noisiness of the data would
have precluded us from drawing any conclusion. However,
by implementing mathematical models we were able to
reach two important conclusions, without being disturbed
by the noise: the transcriptional dynamics reflects a sequen-
tial process of more than one step (the » = 0 had a much
worse fit than other models) and the applied inhibitor could
be identified as acting on splicing. We were able to make
these conclusions because fits of the mathematical models
can be evaluated and compared in objective ways that are
free from preconceptions. This means that modeling enables
extraction of information even from noisy data and cor-
rectly identifies the perturbations applied to the system.
The transcription parameters estimated by fitting the
model to the experimental data come close to values re-
ported in the literature. We estimated the promoter cycling
time to be around 60 to 70 min (calculated as the sum of
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three phases of the promoter cycle). This is in agreement
with the timescales indicated by the chromatin immunopre-
cipitation experiments that measure presence of transcrip-
tion factors on their regulatory binding sites. Several stud-
ies found periodic binding of various specific and general
transcription factors in the range of 45-90 min (11,36,37).
A study in yeast also described oscillation in the mRNA of
a copper-regulated gene with a period of 50 min, which is
produced by the synchronous bursts of mRNA production
in cells (10). Although in our experimental system there is
evidence for the multi-step promoter cycle, we could not ob-
serve significant oscillations of mature mRNA. This could
result from relatively irreproducible promoter cycle times or
due to too much noise in the data. Recently, time resolved
transcriptional activity at a single cell level has been mea-
sured for several genes (38), which showed promoter cy-
cle times within the range found in this study. This study
also found that the promoter switching times were non-
exponentially distributed further suggesting a multi-step
mechanism is involved. The initiation time of 0.8 min on
a eukaryotic promoter, based on the in vivo single cell mea-
surements, is also reasonably close to our estimates. As has
been shown previously (39), it is not possible to establish the
mRNA burst size accurately from the steady-state mRNA
distributions. Therefore the found range of 5-40 molecules
is only suggestive but fits well with the calculated (a ratio of
characteristic times of the promoter deactivation and initi-
ation) burst size of 12 mRNA molecules.

The estimated RNA polymerase II elongation rate in our
system was 0.45 kb/min, which is considerably slower than
what has been reported for mammalian system, ranging
from 1 to 4 kb/min (40). However, although the actual
elongation rate of a mammalian RNA polymerase II is 4
kb/min, due to pausing the average progression rate is only
0.4 kb/min (41), i.e. close to our estimation. With this pro-
gression rate it would take RNA polymerase II about 40
min to complete the transcription of the 4 DRP gene, which
is less than the observed maturation time of 60 min. This
discrepancy might be due to a higher frequency of paus-
ing, to additional time spent on 3’ processing or on post-
transcriptional splicing of some of the introns. The splicing
of the first intron occurs co-transcriptionally as the mea-
sured excision rate (~8 min) is much faster than the over-
all maturation time. Recent large scale study has provided
support to the hypothesis that most of the splicing indeed
occurs co-transcriptionally (42). The splicing rate that we
found is within the range of 5-10 min described for various
introns in several human genes (40).

Our results showed that it is possible to estimate all main
parameters of the transcription process from a modest data
set albeit with variable accuracy. We also observed that an
RNA polymerase II elongation inhibitor can be used for
simultaneous measurement of the polymerase progression
(due to delays caused by elongation), splicing and mRNA
degradation rates. Delays in the mRNA decay data can af-
fect the measured degradation rates if not taken into the ac-
count; a number of studies indeed show such delays in ma-
ture mRNA decay profiles (43-45). We believe that our ap-
proach may well be useful for simultaneous measurement of
various mRNA metabolism properties of many genes. An-
other important application provided by modelling could

be identification of the source of perturbation in disease or
drug treatment using large dynamic mRNA datasets.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGMENTS

Authors would like to thank Maciej Dobrzynski for helpful
discussions.

FUNDING

Marie Curie Research Training Network NucSys [019496
to F.B.,, C.C.A.T,, K.R. and H.W.]; European Commis-
sion’s 7th Framework Program BioPreDyn [289434 to
J.B.]; Netherlands Organization for Scientific Research
[050060620 to S.vM.]. Funding for open access charge:
Molecular Cell Physiology & Systems Bioinformatics, Vrije
Universiteit Amsterdam.

Conflict of interest statement. None declared.

REFERENCES

1. Cooper,T.A., Wan,L. and Dreyfuss,G. (2009) RNA and disease. Cell,
136, 777-793.

2. Licatalosi,D.D. and Darnell,R.B. (2010) RNA processing and its
regulation: global insights into biological networks. Nat. Rev. Genet.,
11, 75-87.

3. Poulos,M.G., Batra,R., Charizanis,K. and Swanson,M.S. (2011)
Developments in RNA splicing and disease. Cold Spring Harbor
Perspect. Biol., 3-17.

4. Djebali,S., Davis,C.A., Merkel,A., Dobin,A., Lassmann,T.,
Mortazavi,A., Tanzer,A., Lagarde.J., Lin,W., Schlesinger,F. et al.
(2012) Landscape of transcription in human cells. Nature, 489,
101-108.

5. Huang,R., Jaritz,M., Guenzl,P., Vlatkovic,I., Sommer,A.,
Tamir,I.M., Marks,H., Klampfl,T., Kralovics,R., Stunnenberg,H.G.
et al. (2011) An RNA-Seq strategy to detect the complete coding and
non-coding transcriptome including full-length imprinted macro
ncRNAs. PLoS One, 6, ¢27288.

6. Wang,Z., Gerstein,M. and Snyder,M. (2009) RNA-Seq: a
revolutionary tool for transcriptomics. Nat. Rev. Genet., 10, 57-63.

7. Huang,Q., Lin,B., Liu,H., Ma,X., Mo,F,, Yu,W, Li,L., Li,H.,
Tian,T., Wu,D. et al. (2011) RNA-Seq analyses generate
comprehensive transcriptomic landscape and reveal complex
transcript patterns in hepatocellular carcinoma. PLoS One, 6, ¢26168.

8. Huber-Keener,K.J., Liu,X., Wang,Z., Wang,Y., Freeman,W., Wu,S.,
Planas-Silva,M.D., Ren,X., Cheng,Y., Zhang,Y. et al. (2012)
Differential gene expression in tamoxifen-resistant breast cancer cells
revealed by a new analytical model of RNA-Seq data. PLoS One, 7,
e41333.

9. Werner,T. (2010) Next generation sequencing in functional genomics.
Brief. Bioinform., 11, 499-511.

10. Karpova,T.S., Kim,M.J., Spriet,C., Nalley,K., Stasevich,T.J.,
Kherrouche,Z., Heliot,L. and McNally,J.G. (2008) Concurrent fast
and slow cycling of a transcriptional activator at an endogenous
promoter. Science, 319, 466—469.

11. Saramaki,A., Diermeier,S., Kellner,R ., Laitinen,H., Vaisanen,S. and
Carlberg,C. (2009) Cyclical chromatin looping and transcription
factor association on the regulatory regions of the p21 (CDKNI1A)
gene in response to la+,25-dihydroxyvitamin D3. J. Biol. Chem., 284,
8073-8082.

12. Liepe,J., Filippi,S., Komorowski,M. and Stumpf,M.P.H. (2013)
Maximizing the information content of experiments in systems
biology. PLoS Comput. Biol., 9, e1002888.

13. Zhan,C. and Yeung,L. (2011) Parameter estimation in systems
biology models using spline approximation. BMC Syst. Biol., 5, 14-26

¥T0Z ‘6 Jequissaq Uo [MD 1 /BIo'sjeunolpiojxo reu//:dny wodj pepeojumod


http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku1272/-/DC1
http://nar.oxfordjournals.org/

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25

26.

27.

28.

Malcolm,S. (2001) Finding acceptable models in nonlinear inverse
problems using a neighbourhood algorithm. Inverse Probl., 17,
387-403

Myung,l.J., Balasubramanian, V. and Pitt, M.A. (2000) Counting
probability distributions: differential geometry and model selection.
Proc. Natl. Acad. Sci. US.A.,97,11170-11175.

Aldridge,B.B., Burke,J.M., Lauffenburger,D.A. and Sorger,P.K.
(2006) Physicochemical modelling of cell signalling pathways. Nat.
Cell Biol., 8, 1195-1203.

Ashyraliyev,M., Fomekong-Nanfack,Y., Kaandorp,J.A. and
Blom,J.G. (2009) Systems biology: parameter estimation for
biochemical models. FEBS J., 276, 886-902.

Cedersund,G. and Roll,J. (2009) Systems biology: model based
evaluation and comparison of potential explanations for given
biological data. FEBS J., 276, 903-922.

Kreutz,C. and Timmer,J. (2009) Systems biology: experimental
design. FEBS J., 276, 923-942.

Becker,V., Schilling,M., Bachmann,J., Baumann,U., Raue,A.,
Maiwald, T., Timmer,J. and Klingmuller,U. (2010) Covering a broad

dynamic range: information processing at the erythropoietin receptor.

Science, 328, 1404-1408.

Borisov,N., Aksamitiene,E., Kiyatkin,A., Legewie,S., Berkhout,J.,
Maiwald,T., Kaimachnikov,N.P., Timmer,J., Hoek,J.B. and
Kholodenko,B.N. (2009) Systems-level interactions between
insulin-EGF networks amplify mitogenic signaling. Mol. Syst. Biol.,
5,256-271.

Nelson,D.E., Ihekwaba,A.E., Elliott,M., Johnson,J.R., Gibney,C.A.,
Foreman,B.E., Nelson,G., See,V., Horton,C.A., Spiller,D.G. et al.
(2004) Oscillations in NF-kappaB signaling control the dynamics of
gene expression. Science, 306, 704-708.

Schmierer,B., Tournier,A.L., Bates,P.A. and Hill,C.S. (2008)
Mathematical modeling identifies Smad nucleocytoplasmic shuttling
as a dynamic signal-interpreting system. Proc. Natl. Acad. Sci.
U.S.A., 105, 6608-6613.

Chang,B.H., Li,L., Paul,A., Taniguchi,S., Nannegari, V., Heird, W.C.
and Chan,L. (2006) Protection against fatty liver but normal
adipogenesis in mice lacking adipose differentiation-related protein.
Mol. Cell. Biol., 26, 1063-1076.

. Fan,B., Ikuyama,S., Gu,J.-Q., Wei,P., Oyama,J.-i., Inoguchi,T. and

Nishimura,J. (2009) Oleic acid-induced ADRP expression requires
both AP-1 and PPAR response elements, and is reduced by
Pycnogenol through mRNA degradation in NMulLi liver cells. Am. J.
Physiol. - Endocrinol. Metab., 297, E112-E123.

Targett-Adams,P., McElwee,M.J., Ehrenborg,E., Gustafsson,M.C.,
Palmer,C.N. and McLauchlan,J. (2005) A PPAR response element
regulates transcription of the gene for human adipose
differentiation-related protein. Biochim. Biophys. Acta, 1728, 95-104.
Tobin,K.A., Harsem,N.K., Dalen,K.T., Staff,A.C., Nebb,H.I. and
Duttaroy,A.K. (2006) Regulation of ADRP expression by long-chain
polyunsaturated fatty acids in BeWo cells, a human placental
choriocarcinoma cell line. J. Lipid Res., 47, 815-823.

Bildirici,I., Roh,C.-R., Schaiff, W.T., Lewkowski,B.M., Nelson,D.M.
and Sadovsky, Y. (2003) The lipid droplet-associated protein
adipophilin is expressed in human trophoblasts and is regulated by
peroxisomal proliferator-activated receptor-y /retinoid X receptor. J.
Clin. Endocrinol. Metab., 88, 6056-6062.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Nucleic Acids Research, 2014 9

Aranda,A. and Pascual,A. (2001) Nuclear hormone receptors and
gene expression. Physiol. Rev., 81, 1269-1304.

Analytical Methods Committee. (2001) AMC Technical Brief, Royal
Society of Chemistry, Vol. 6.

Yankulov,K., Yamashita,K., Roy,R., Egly,J.-M. and Bentley,D.L.
(1995) The transcriptional elongation inhibitor
5,6-dichloro-1-B-D-ribofuranosylbenzimidazole inhibits
transcription factor IIH-associated protein kinase. J. Biol. Chem.,
270, 23922-23925.

Yamaguchi, Y., Takagi,T., Wada,T., Yano,K., Furuya,A.,
Sugimoto,S., Hasegawa,J. and Handa,H. (1999) NELF, a
multisubunit complex containing RD, cooperates with DSIF to
repress RNA polymerase II elongation. Cell, 97, 41-51.

Price,W.L. (1983) Global optimization by controlled random search.
J. Optim. Theory Appl., 40, 333-348.

Houseley,J. and Tollervey,D. (2009) The many pathways of RNA
degradation. Cell, 136, 763-776.

O’Brien,T. and Lis,J.T. (1993) Rapid changes in Drosophila
transcription after an instantaneous heat shock. Mol. Cell. Biol., 13,
3456-3463.

Kang,Z., Pirskanen,A., Janne,O.A. and Palvimo,J.J. (2002)
Involvement of proteasome in the dynamic assembly of the androgen
receptor transcription complex. J. Biol. Chem., 277, 48366-48371.
Metivier,R., Penot,G., Hubner,M.R., Reid,G., Brand,H., Kos,M.
and Gannon,F. (2003) Estrogen receptor-alpha directs ordered,
cyclical, and combinatorial recruitment of cofactors on a natural
target promoter. Cell, 115, 751-763.

Suter,D.M., Molina,N., Gatfield,D., Schneider,K., Schibler,U. and
Naef,F. (2011) Mammalian genes are transcribed with widely
different bursting kinetics. Science, 332, 472-474.

Zenklusen,D., Larson,D.R. and Singer,R.H. (2008) Single-RNA
counting reveals alternative modes of gene expression in yeast. Nat.
Struct. Mol. Biol., 15, 1263-1271.

Singh,J. and Padgett,R.A. (2009) Rates of in situ transcription and
splicing in large human genes. Nat. Struct. Mol. Biol., 16, 1128-1133.
Darzacq,X., Shav-Tal,Y., de Turris, V., Brody, Y., Shenoy,S.M.,
Phair,R.D. and Singer,R.H. (2007) In vivo dynamics of RNA
polymerase II transcription. Nat. Struct. Mol. Biol., 14, 796-806.
Ameur,A., Zaghlool,A., Halvardson,J., Wetterbom,A.,
Gyllensten,U., Cavelier,L. and Feuk,L. (2011) Total RNA sequencing
reveals nascent transcription and widespread co-transcriptional
splicing in the human brain. Nat. Struct. Mol. Biol., 18, 1435-1440.
Miiller,B., Blackburn,J., Feijoo,C., Zhao,X. and Smythe,C. (2007)
DNA-activated protein kinase functions in a newly observed S phase
checkpoint that links histone mRNA abundance with DNA
replication. J. Cell Biol., 179, 1385-1398.

Murray,E.L. and Schoenberg,D.R. (2008) In: Lynne,E.M. and
Megerditch,K. (eds). Methods in Enzymology, Vol. 448. Academic
Press. pp. 483-504.

Xu,N., Loflin,P., Chen,C.-Y.A. and Shyu,A.-B. (1998) A broader role
for AU-rich element-mediated mRNA turnover revealed by a new
transcriptional pulse strategy. Nucleic Acids Res., 26, 558-565.
Schwanhausser,B., Busse,D., Li,N., Dittmar,G., Schuchhardt,J.,
Wolf.J., Chen,W. and Selbach,M. (2011) Global quantification of
mammalian gene expression control. Nature, 473, 337-342.

¥TOZ ‘6 Sogqueaeg uo MDD B /ﬁ.lO'S feuino [pJOJXO'JEU//ZdHL] wioJj papeojumoq


http://nar.oxfordjournals.org/

