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ABSTRACT

A cell’s fate involves transitions among its various states, each defined by a distinct gene expression profile governed by the topology of gene
regulatory networks, which are affected by 3D genome organization. Here, we develop thermodynamic models to determine the fate of a
malignant cell as governed by the tumor suppressor p53 signaling network, taking into account long-range chromatin interactions in the
mean-field approximation. The tumor suppressor p53 responds to stress by selectively triggering one of the potential transcription programs
that influence many layers of cell signaling. These range from p53 phosphorylation to modulation of its DNA binding affinity, phase separation
phenomena, and internal connectivity among cell fate genes. We use the minimum free energy of the system as a fundamental property of
biological networks that influences the connection between the gene network topology and the state of the cell. We constructed models based
on network topology and equilibrium thermodynamics. Our modeling shows that the binding of phosphorylated p53 to promoters of target
genes can have properties of a first order phase transition. We apply our model to cancer cell lines ranging from breast cancer (MCF-7),
colon cancer (HCT116), and leukemia (K562), with each one characterized by a specific network topology that determines the cell fate. Our
results clarify the biological relevance of these mechanisms and suggest that they represent flexible network designs for switching between
developmental decisions.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0225166
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I. INTRODUCTION

The p53 tumor suppressor protein regulates the expression
of a large number of genes in response to DNA damage."” Such
changes in gene expression are responsible for determining cell dif-
ferentiation and many processes such as cell cycle, DNA damage
repair, and apoptosis.”’ The p53-signalling pathway is critical for
controlling checkpoints in cell division and suppressing tumorige-
nesis. Perturbations in the pathway could compromise p53 activity
and consequently promote tumor development.

Genotoxic stress created by DNA damage increases the tran-
scriptional activity of p53. Unstressed cells maintain low levels of
p53 by continuous proteasomal degradation mediated by a protein
MDM2.”° On the other hand, genome damage initiates cascades
of phosphorylation and acetylation to sustain and stabilize the
amount of p53, which may lead to cell cycle arrest and apoptosis.”*

Post-translational modifications of p53 regulate its transcriptional
activity, which affects the action of its binding partners. Recently, it
has been demonstrated that p53 activation drives dramatic genome-
wide changes in 3D genome organization to trigger a temporally
dependent transcriptional response against cellular stress.” This
leads to extensive rewiring of p53-bound enhancer-promoter loops.’
It has been also proposed that p53 action may be affected by its self-
assembly through phase separation,'”'' but mathematical models of
such effects in relation to gene network rewiring are missing.
Multiple studies suggest that the degree of phosphorylation
of p53 significantly affects its binding affinity with DNA. Single-
site phosphorylation of p53 at Thrl8 results in a twofold increase
in affinity to DNA; double-site phosphorylation at Serl5 and
Thr18 leads to an approximately fivefold increase; and triple-site
phosphorylation at Serl5, Thrl8, and Ser20 causes more than
ten-fold increase in binding affinity to DNA.'”"" The degree of
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phosphorylation can affect phenotypical changes of a cell and cancer
progression.'”' This has been verified in murine cells, where single-
site phosphorylation of serine or threonine of p53 has little effect,
but their simultaneous phosphorylation has a more significant effect,
indicating that multisite phosphorylation acts synergistically.'”" In
human cells, simultaneous phosphorylation of threonine and ser-
ine is also synergistic, increasing p53 responses.“"l’" However, the
mechanism linked with phosphorylation and especially multisite
phosphorylation in controlling p53 activation remains unclear.”"’
Under stressed conditions, cells produce an increased amount
of p53 that may not degrade during the cell cycle. The excess p53
undergoes phosphorylation upon the action of external stimuli, lead-
ing to a series of transcriptional activation processes.””'® In our
analysis, we investigate how cellular processes, such as cell cycle
arrest, DNA repair, inhibition of angiogenesis, and apoptosis, *’
are governed by the binding of phosphorylated tetramers of p53
(denoted as p53*) to the promoter regions of the minimalist network
of four genes: P21,”! P48,”> PAL* and BAX.'”** These four genes are
among many genes regulated by p53, and while they do not consti-
tute a closed system, we have selected them as representative players
of the processes mentioned above to study the conceptual possibility
of rewiring of the p53 network. Even the interactions between these
few players are quite complex. Upon p53 activation, expression of
P21 promotes cell-cycle arrest; P48 activates DNA repair; PAI sup-
presses tumor angiogenesis; and BAX promotes apoptosis. Recent
studies have shown that these cell-fate-determining genes follow
a concerted path as they are influenced by each other through
protein—protein interactions or contacts.””* Their interconnections
vary for different stimuli and cancer cell types, as exemplified
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by p21-dependent activation of BAX-gene leading to apoptosis in
MCEF-7 but p21-dependent prevention of apoptosis in HCT116.”**
The mechanism behind p21-dependent apoptosis is still unclear,
but it is believed that phosphorylated p53 promotes the production
of p21 protein that binds the CDK-cyclin complex.”’ "' High
levels of p21 expression result in cell cycle arrest and promote
apoptosis in a p53-dependent manner.”””* Moreover, p21 is also
known for regulating a number of other genes that cause inhibi-
tion of angiogenesis and DNA repair.”””* Other important players
in this system are PAI, P48, and BAX, which also act as regulators
of apoptosis.*

Differential binding of a phosphorylated p53 tetramer to the
response elements of the cell fate-determining genes modulates gene
expression and consequently determines the state of a cell. More-
over, various cancer cell lines may have different internal gene reg-
ulatory networks connecting these four genes, further introducing
differences in gene expression that affect the cell fate.”***"’

The mechanism behind p53-mediated regulation is complex
and requires a system-level analysis.””* However, a minimal reg-
ulatory network model can be constructed based on four cell-fate
determining genes for this system, presented in Fig. 1. This model
considers how the cell under stress can promote a phase transi-
tion between free promoter/bound promoter states upon binding
of p53” to the promoter regions of the four cell fate-determining
genes, BAX, P21, P48, and PAIL The p53 gene transcribes p53 pro-
teins, which then undergo degradation under normal conditions.”
The p53 proteins activate the MDM2 gene that produces the MDM2
protein, which promotes p53 degradation under normal conditions.
The unphosphorylated MDM2 interacts with p53, which promotes
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E2F-1 ATM Gene

6€ :0% :ST 92¢0¢ aunf Zo

: P21 Gene w
: IVOVE V=
: ’%\ ps3% BAX Gene?f: E
B, ) i —> 00006 o
1 : P48 Gene : 5

 + [ y | TR

L Lae | PAGene M. ;

“jf_f' .‘.

P53 Gene T T .. @

IP=S 2 @

MOROTEK |—H
MDM2 Gene

Inhibtors —‘@Q &

FIG. 1. A scheme showing a minimalistic model of the cell response to environmental stress within the p53-mediated signaling pathway. The stress triggers cascading events
ranging from DNA damage to the production of phosphorylated p53 (p53*). p53* and p53 bind competitively to the promoter regions of four cell fate-determining genes
as shown in the dotted box. The network connectivity among the cell fate genes may be different in different cells. The relative populations of the products of these genes
determine the fate of a cell.
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its degradation, thereby forming a negative feedback loop.* How-
ever, the population of p53 is significantly enhanced if the cell is
under stress. The excess p53 undergoes phosphorylation by ATM
that controls the fractions of p53* and p53. p53” inhibits binding to
MDM2 but promotes the binding with the promoter region of cell
fate genes.'*"’

A small molecule Nutlin can be used to inhibit p53-MDM2
interactions. Nutiln binds to MDM2, preventing MDM2 binding
to p53 and thus inhibiting the MDM2-dependent degradation of
p53."" Phosphorylated p53 simultaneously activates WIP and miR
genes, producing WIP1 protein and small RNA, miR-16. The WIP1
protein inhibits the formation of phosphorylated p53, while miR-16
further inhibits the production of the WIP1 protein. The phospho-
rylated p53 binds to the promoter region of four genes, BAX, P21,
P48, and PAI, controlling a cell’s fate. hid

The interconnections between these four cell fate-determining
genes may vary in different cells. Therefore, we will consider three
cancer cell lines: (a) breast cancer (MCF-7), (b) colorectal can-
cer (HCT116), and (c) leukemia (K562) to compare their p53-
dependent regulation.”””** " The network topology among the
genes of these three cell lines is different, resulting in different gene
expression patterns and determining the cell fate.”>”” In MCF-7,
p21 has been shown to activate both P48 and BAX genes along
with facilitating the binding of p53” to the promoter regions of the
four genes.””"” This leads to cell cycle arrest and induces apopto-
sis in a drug-dependent manner.”’ In the case of HCT116 cells, p21
represses both p48 and BAX genes.””"* However, p21 activates p48
and represses BAX in K562 cells.”"""" Such differences in intercon-
nectivity among the genes result in differential gene expression that
affects these cancer cells differently.

In this work, we aim to explore the following crucial ques-
tions: (a) Does a cell undergo a phase transition between dif-
ferent states upon p53* binding? (b) How do the differences in
the network topologies for different cancer cell lines (MCEF-7,
HCT116, K562) define their different gene expression patterns? To
address the first question, we constructed an equilibrium thermo-
dynamic model, taking into account long-range chromatin inter-
actions in the mean-field approximation. To address the second
question, we constructed a network model of this system. Our
analysis reveals that the differential gene expression that defines
a cell’s fate is strongly modulated by the topologies of gene net-
works and the free energy of protein-DNA and protein-protein
binding.

Il. METHODS

We use two independent methods to describe the organization
of proteins on the DNA lattice and their effect on gene expression for
determining the cell fate. In the first method, we follow a minimum
free energy method considering short- and long-range interactions
between DNA-bound proteins. The second method uses a grand
canonical partition function of an interaction network-based
statistical thermodynamic approach. The first method does not
consider the network’s topology, while the second method explicitly
considers the network’s topology. We analyze both models in
Secs. II A and II B. Our proposed models are general and can be
extended for any arbitrary number of promoters.
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A. The free energy minimum method to calculate
equilibrium DNA-transcription factor binding

Here, we adopt the free energy minimum method for equi-
librium protein binding to gene promoter regions in a large
DNA molecule in solution.”””” Our model treats DNA as a one-
dimensional lattice containing N lattice units that can bind p53.
p53 molecules can be either free in solution at concentration ¢y
or bound to DNA. Let there be a total of Kk DNA-bound p53 pro-
teins in the system. Let m be the number of DNA lattice units
covered by p53 upon DNA binding, b be the number of contacts
between DNA-bound proteins, and ¢ be the number of phospho-
rylated p53 molecules. To account for all possible rearrangements
for the binding of proteins on the DNA lattice, we use a free energy
function, F(k,b,0). Both unphosphorylated p53 and phosphory-
lated (p53*) molecules can bind specifically to their binding sites on
the DNA or reside free in solution. Then, the free energy is defined
as follows: >’

F(k,b,0) =k-eo—k-g(k)+b-e1+0-&—-R-T-log(W). (1)

Here, the first term accounts for the free energy (&) of direct
binding of k molecules of p53 to DNA.

The second term, k- g(k), is associated with the free energy
of long-range interactions between k DNA-bound proteins in
the mean-field approximation. Such an interaction may originate
from changes in 3D genome organization (chromatin fiber pack-
ing/compartmentalization/DNA looping, etc.), which may also alter
the topology of the protein-DNA interaction network. Since we
have considered all bound proteins interacting with each other,
it is reasonable to assume that g is a function of the number of
bound protein molecules on the DNA, k. Note that direct con-
tact interactions between DNA-bound proteins are not included
here and accounted for in a separate term in Eq. (1) (Fig. 2). We
use the simplest linear form of the potential of long-range inter-
actions g(k) = w-c (per bound protein), where ¢ is the relative
degree of protein binding, ¢ = k/N. This linear form of potential
has been previously used to describe the binding of ligands and
metal ions to DNA.””"" Historically, such a long-range interaction

A 1D contact interaction between two DNA-bound TFs

DNA 20 =9

<>
m

B  3Dlong-range interaction between all DNA-bound TFs

DNA  @-9 =0 =0 =9

FIG. 2. A scheme of the lattice models for 1D contact interactions between
neighboring DNA-bound proteins (a) and 3D long-range interactions between all
DNA-bound proteins (b). The latter term, quantified as a function g(k), takes into
account the changes in the chromatin organization due to p53 binding.
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potential, which depends on the number of biopolymer-bound lig-
ands, goes back to the works of Scatchard, where it had a purely
electrostatic nature.™

In the third term, we include the contact interactions (b- &)
between bound p53 molecules on the DNA lattice (Fig. 2). Here,
b is the number of pairwise contacts between DNA-bound pro-
teins. The free energy associated with each contact is ¢;. The values
of b lie within the interval 0<b<k-1if 0<k<N/(m+1) and
(m+1)k-N-1<b<k-1ifN/(m+1)<k<N/m.

The fourth term accounts for the phosphorylation of p53. A few
of the p53 residues, such as threonine or serine, may undergo phos-
phorylation. We consider that o p53 molecules undergo phospho-
rylation among a total of k DNA-bound p53 molecules. Each phos-
phorylated p53” contributes additional ¢, free energy for binding to
DNA. The value of ¢ lies in the interval 0 < o < k.

The fifth term is associated with the entropy contribution due
to the number of ways to arrange k p53 molecules that form b
p53-p53 contacts on the DNA lattice of size N. One can calculate
this combinatorial factor W as follows:

(N-m-k)! (k—1)! k!

[N=(m+1)-k+b)]i(k-1-b)! (k-=1-0b)b! (k-o0)lo!

2
For simplicity, we chose m = 2 for our calculation, assuming that a
binding site of a p53 tetramer consists of two equal halves; another
protein cannot bind to the same m lattice units. If the concentration
of p53 in the cell nucleus is co, the change in free energy upon DNA
binding of k proteins that have ¢ phosphorylated sites and form b
contacts between proteins that occupy adjacent base pairs may be
written as

W =

AF(k,b,0) = F(k,b,0) —k-[po + R- T -log (co)]- (3)

The last term in this equation is the loss of free energy due to the
removal of k p53 molecules from the solution upon their binding to
DNA. Here, the chemical potential of p53 in solution is y = y, + R~
T -log(co), where y and , are the chemical potentials of the p53 in
solution and its standard state and R and T are the gas constant and
absolute temperature.

Once we define the free energy function for the protein-DNA
binding, we can optimize it to obtain its equilibrium properties. Fol-
lowing the previous works,”””” we apply the Stirling approximation
assuming large values of k, b, 0, and N to obtain their most probable
or the equilibrium values k* or ¢* = k*/N, b*, and ¢”,

Ho — & 2wc” (1-mc*)"
exp| —=—] exp = -
RT RT 1-(m+1)c" +2z

y (c* —21)2 (¢ - =)

< act @
exp(—%):(l—(m+1)ﬁ*+zl)(c*i71zl)z’ ®)
exp (_%) -y (6)

Here, K = exp (=) is the binding constant, A(c*) = exp (2;{;*

is the cooperativity parameter related to long-range interactions,
ai = exp (—;—‘T is the contact cooperativity parameter for interac-
tions of DNA-bound proteins, and a; = exp (- %) is the coopera-
tivity parameter accounting for differential phosphorylation of p53.
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z1 = b* /N is the relative concentration of ligand-ligand contacts
and z; = 0" /N is the relative phosphorylation. Equations (4)-(6)
are solved simultaneously and then combined with Eq. (3) to define
AF(c*,b*,0™) for a given co,

AF* * * *
NRT - ¢ log (K-B* -co- (¢*)*) - z1 log (a1) — 22 log (a2)

~(1-mc*)-log(1-m-c*)+2(c" —z1)log (c* — z1)
+ (" —z)log(c" —z2) +z1 log(z1) + 22 log (22)

+(1=-(m+1)c" +z1)log(1 - (m+1)c* +z1),

where B* = exp (G(c*)/RT) = exp (wc* /RT).

Note that the model above addresses a specific question, and
for simplicity, it does not consider different classes of binding sites
and different types of transcription factors (apart from the fact that
p53 can be phosphorylated or not), but it is straightforward to gen-
eralize it to sequence-specific combinatorial cooperative binding of
multiple proteins, as in our previous publication.”

B. Grand partition function for the gene network

A gene regulatory network (GRN) is a directed graph deter-
mining the cell fate. The elements of this graph are proteins or
transcription factors and the promoters of the genes. The pro-
teins can bind to the promoter regions of the target genes, and the
genes can interact with each other if proteins occupy their promoter
sites. In our system, four genes, p21, p48, PAI, BAX, and protein
p53” constitute a small network. The phosphorylated p53* binds
to the promoter region of these four genes, and there is an inter-
action among the genes. In particular, one can realize the protein
occupancy-dependent directed interaction if proteins occupy both
participating promoters. We further assume that RNA polymerase
(RNAP) is present in the system at saturation. The network wiring
is critical because it can vary for different cell lines,”"”" defining
different cell fates.

We define the network as a directed graph (G), where we con-
sider promoters of the genes as vertices (V') where a protein can bind
specifically, and the protein-promoter and promoter-promoter
interactions form the edges (E). In particular, one can realize the
protein occupancy-dependent edges if proteins occupy both partic-
ipating promoters. Depending on their binding, one can realize the
existence of a set of such directed graphs or an ensemble of con-
figurations of such a network. We aim to measure the expectation
of occupation numbers of proteins as observable ((s)) from the G.
In order to measure such a quantity, we calculate the probability
of a specific configuration, P(G), so that the expectation value of
the observable within the ensemble is equal to the observed value.
With this in mind, we can define the Hamiltonian of the network as
follows:

1 1
H(G) = Z Z &iSi + Z Z Wij Ojj. (7)

i 5=0 i# 0;=0

Here, the symbol G within the parentheses of the Hamiltonian is
used to define the topology of the directed graph, and & and wj
are the free energy of protein-DNA and promoter—promoter inter-
actions, respectively; s; takes a value of 1 if there exists a direct
protein-DNA interaction; otherwise, it takes value 0. We assume
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that there is a total of M such binding sites in the network. oj; is
the adjacency matrix for the interaction among genes, which takes a
value of either 1 or 0 depending on connections. Note that o;; is not
symmetric in our model, which may be true in general for a real gene
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regulatory network. The topology of the graph (G) is replaced by
the specific protein-DNA (s;) and promoter-promoter interactions
(o) in the Hamiltonian. According to our model, the free energy of
interaction of the RNAP with the promoter depends on the values

o—0

N\

N
&~ @

FIG. 3. A scheme demonstrating all 64 possible microstates for the gene regulatory network of the MCF-7 breast cancer cell line. We marked with green, blue, yellow, and
red background color regions for the configurations associated with cell fate genes, P48, P21, PAl, and BAX, respectively. The solid and shed backgrounds are used to show
the exclusive and shared configurations for a specific gene. Similarly, the solid and dashed lines of different colors are used to show the border for a specific gene’s exclusive
and shared configurations. The configurations located at the middle white background region are common to all genes.
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of 0j; and the type of interaction. We emphasize the type of interac-
tion between protein and promoter or protein-mediated interactions
among promoters, which are specific as they often act as activators
or repressors toward a specific gene. However, that protein may not
be an activator or a repressor for other genes in general. We incor-
porate these facts into our model: (a) if a protein acts as an activator,
the RNAP binding to the promoter strengthens. (b) However, if it
is a repressor, the RNAP binding to the promoter weakens and is
finally replaced by the repressor. If the total no of proteins is N, then
Yisi = N. If we assume s; and 0j; are independent, then the Grand
partition function for a network is

=

ZG: exp (~BH(G))N"

s e

ZGj exp(—ﬂ(z 21: Esity. le w,.jgij)),\zfs,

i 5=0 i# 0;=0

z
Iy

1 1
= {Z} exp (—ﬁ(z > &'Sz‘))fv’ exp (—/32 w,,-a,-,—)
51,05 i 5=0 0;;=0

=[T (1 +Aexp(-pe))[ ] (1 +exp(-puy)),

i#j

where 1 is the exp(Bu) and u is the chemical potential of p53* and
B is the inverse of thermal energy, kpT. There are M terms in the
first product and M(M — 1) terms in the second product, respec-
tively. One can calculate the average occupancy of p53* on each of
the genes by taking

®)

=

_A(9mE\ ¥ Aexp(-pe)
(S)_M( a1 )T,M_ g

We express our results by the fold change (FC), defined as the nor-
malized protein’s occupancy relative to its basal value. However, in
practice, genes are influenced by each other through protein-protein
interaction, which immediately restricts the application of the inde-
pendence between s; and oj;. To explore all the effects together,
we first list all possible network configurations, as shown in Fig. 3.
We then identify all the configurations where at least one p53*
is bound to a particular promoter. The ratio of statistical weights
between those configurations and the total number of configurations
provides a signature of the probability of gene expression of that
particular gene. Note that the counting process becomes exceedingly
complex as the network size increases. Therefore, one can employ
Monte Carlo (MC) simulations that offer an elegant approach to
identifying those relevant configurations for expressing a particular
gene in a large network for a given set of binding parameters.” "
The networks can be constructed based on a number of previous
publications (Table I). We estimate the parameters ¢ and w;; from
ChIP-seq experiments, where we analyzed a binding profile of phos-
phorylated p53 by calculating the occupancy of phosphorylated p53*
genome-wide in the MCF-7 cancer cell line (see the supplementary
material). The binding affinities were estimated for the MCF-7 cell
line as defined above, which complements the previously reported
values (Table II). For other cell lines, we used the previously reported
data for our simulations (Table II).

Correspondingly, we have considered the respective binding
free energy of p53 to p21 and BAX promoter as 1.59 kzT and
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TABLE I. The following references are used for constructing the gene regulatory net-
works of three cell lines. The arrows —> and — are used to describe activation
and repression in the network.

Cell line References Symbol
29 and 77 p53 —> p21
29 and 77 p53 —> Bax
78 p53 —> p48
MCE-7 79 p53 —> PAI
27 p21 —> Bax
45 p21 — p48
80 p53 — p21
80 and 81 p53 —> Bax
36 P53 —> p48
K562 81 and 82 p53 — PAI
26 and 49 p21 — Bax
36 P21 —> p48
83 p53 — p21
83 and 84 p53 —> Bax
85 and 86 P53 —> p48
HCT116 87 p53 —> PAI
28 and 88 p21 — Bax
28 p21 — p48

TABLE Il Values of parameters used in our calculations. The symbols &s5+ _ge,
ep53—RNAP, and epnap — pva are the parameters for the binding between p53 and
response elements (REs) of various genes, p53* and RNAP; RNAP and DNA,
respectively. Symbols Ap53* and Ag are the activities for p53* and RNAP, respec-
tively. p53* binds to its RE elements in the various genes tightly with dissociation
constants (Kp). The experimental p53 ChIP-seq analysis, as presented in the
supplementary material, supports the following binding data.

Interaction Symbol Value (kgT) References
p537-p21 RE €53 _Rpr! 1.59 89 and 90
p53:—BAX RE €53 _ REIAY 4.6 91 and 89
P53 -pa8 RE E— 3.1 89 and 92
p53"-PAIRE €p53% _REPS 2.2 89
RNAP-DNA ERNAP — DNA 0.69 93
p53*-RNAP @ps3*_RNAP -3 94 and 95
Activities Symbol Value(M) References
p53 activity sz 0.13x107¢ 96, 97, and 98
RNAP activity Ar 9.9x107° 99

4.6 kpT inspired from the literature (information presented in
Table IT), which is qualitatively consistent with the ChIP-seq results
that the p21 promoter is bound by p53 threefold stronger than
the BAX promoter (supplementary material Figs. S2-S5). A list of
concentrations and binding affinity parameters in the model of tran-
scriptional regulation through p53-mediated expression is shown
in Table II.
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I1l. RESULTS

Let us consider a cell that undergoes a transition between
different states upon binding of p53* to the promoter region of
four cell fate-determining genes. We will focus on the importance
of the topology of a network of interactions that alter a cell’s
fate. We rationalized the network topology for different cell lines,
MCF-7, HCT116, and K562, which have different gene expression

27,28,45-48

patterns,”” " triggering diverse cell fates.

A. Phase transitions associated with cell state
transitions

We first aim to identify if there are any phase transitions asso-
ciated with the binding of p53™ to the promoter regions of the genes
of interest. We probe two critical questions: (a) Can the binding
of p53* push a cell to transition between different states? (b) If it
happens, what is the role of the topology of the interaction net-
work for these transitions? We chose the fraction of bound p53* at
equilibrium, ¢*, as our order parameter to study the phase transi-
tion behavior.”” We further vary the topology parameter, w, which
is defined as the average number of edges of the network, to mimic
the cellular variation. We calculate w from our grand canonical
Monte Carlo (GCMC) simulations for the three different cell lines
(w =2.02,2.97, and 4.03) as considered in our study. Since the aver-
age is taken over the Grand Canonical Monte Carlo (GCMC) sim-
ulation run, which generally involves the addition of biomolecules,
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deletion of biomolecules, or displacement of the biomolecule on the
lattice, and is subjected to the Metropolis algorithm, we have six
activation/repression possibilities for each cell line, as seen in the
network topology. The average value for w represents the occurrence
of any particular event (out of six possible activation/repression
events) for three different cell lines for a fixed concentration of
p53 (e.g., )LP53* =130nM).

We calculate ¢* as a function of the initial concentration ¢y of
p53”, which is shown in the Fig. 4. We also consider three differ-
ent cell lines by varying the w parameter in this study. We note
an S-shaped curve for each cell line, which is a signature of phase
transition exhibited in a cell upon p53” binding. To clarify whether
this phase transition is continuous or discontinuous, we calculate
the equilibrium free energy of interaction AF* as included in the
inset of Fig. 4. This analysis revealed that the system exhibits bista-
bility, showing a signature of first-order phase transitions upon p53
binding.

The concentration of p53* at which the model network exhibits
a transition is referred to as the potency point, and the point at
which the p53* binding to the promoter saturates is referred to as
the efficacy point.”” We draw a line at the potency point to com-
pare a qualitative signature of these transitions among the three cell
lines. They are different, as revealed by our analysis. We note that
the potency points for the HCT116, K562, and MCF-7 cell lines are
at 2.2,1.3, and 0.81 uM, showing that HCT116 requires more p53*
to saturate the promoter. However, MCF-7 takes the least amount of
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FIG. 4. The binding curves calculated for different cell lines based on their network topology. In our analysis, we set m = 2, taking into account that a p53 tetramer covers
about 20 bp upon DNA binding,2 with two lattice units accounting for symmetric half-sites of the tetramer. Following previous works,'>“° the free energy value for the nearest

neighbor interaction can be estimated as ¢ = —3RT, and hence, a; = e 7 =& The energy of phosphorylation of p53 and direct binding of p53 to DNA can be estimated
as & =y, — & = —9RT, and hence, a, = e # =¢and K = eJDTTD = ¢°. The connectivity parameters (w) obtained from GCMC simulations for the three cell lines,
HCT116, K562, and MCF-7, are 2.02, 2.97, and 4.03, respectively. The binding curves for these cell lines are shown correspondingly in red, blue, and green colors in the
main figure and the inset. The dotted lines denote the unstable region obtained from the free energy analysis presented in the inset of the figure. The network topology
governing the cell lines influences the first-order transition associated with p53 binding.
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p53* to saturate the promoter. We also note that the saturation level
can predict gene dependencies in cancer cell lines by altering the
gene expression profiles. The origin of differential behavior in these
three cell lines’ phase transitions primarily arises from the difference
in network topology, which we included through the w parameter,
as discussed earlier.”””**'

B. The role of network topology

p53 is a crucial transcription factor that determines cellular fate
by interacting with the promoter regions of various genes with a
wide range of binding affinity. Here, four genes, P21, BAX, P48,
and PAI, participate in p53” binding, and the degree of its bind-
ing determines a cell’s fate."**” The differential expression of these
four genes upon binding of p53* is critical to determining whether
the cell enters the cell cycle arrest, apoptosis, DNA repair, etc. How-
ever, the binding of p53* may be influenced by many other factors,
such as (a) internal rewiring of the GRN, (b) interfering with other
proteins, and (c) abrupt external perturbation. Since we restrict our
study to an isolated GRN within an equilibrium regime, we ignore all
other factors except internal rewiring. To demonstrate the impor-
tance of the internal network rewiring, we first investigate gene
expression changes upon binding p53” to the promoter regions
of these four genes in the absence and presence of an arbitrary
internal network.

In the following calculation (5), we analyzed the gene response
function in the absence of any connectivity between cell fate-
determining genes, and we observed that the binding of p53* to
genes takes place sequentially as a function of its increasing concen-
tration owing to its wide range of binding affinities. However, we
find a significant change in the gene expression pattern when con-
sidering a few arbitrary links among these genes in the network. We
present the response functions for both cases in Fig. 5. The rationale
behind adding different links between these four genes is that they
may vary between different cell lines.'””*"’

251
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Without connections between the genes, we observe a sequen-
tial expression for these genes, but all of them are expressed at the
same saturation level at large values of As3. In other words, these
four genes express differently at low values of A,s3, but their relative
expressions are almost identical at large values of A,s3. The differ-
ential expression at low values of As3 appears due to the different
binding affinities of the promoter regions of these four genes to the
p53”. Therefore, if a cancer cell consists of these four genes with-
out internal links, the cell reaches equiprobably to any of these four
states. However, internal links show differential expressions, even at
large Aps3 values. The results indicate the importance of internal links
that determine a differential expression. For example, all four genes
express differentially upon introducing two inhibitory loops. Thus,
the internal gene networks for different cell lines significantly differ.
We discuss this in detail below by considering three different cancer
cell lines.

C. Comparison of different cancer cell lines

Human cancer cell lines are widely used in the biology com-
munity to understand gene regulation and develop anticancer
strategies.”” *” Since cancer can progress through a p53-dependent
pathway,”® the network of four genes considered here is important
for controlling whether the cell enters the cancer state or not.”’
Here, we focus on three cell lines: (a) breast cancer (MCE-7), (b)
colorectal cancer (HCT116), and (c) leukemia (K562). The inter-
nal links among the four genes of these three cell lines are different,
producing qualitatively different gene expressions and determining
the cell fate.

We performed partition function-based analysis and Grand
Canonical Monte Carlo (GCMC) simulation for each of the
networks.”® The interaction parameters for this simulation are
presented in Table II. These parameters are further supported
by the ChIP-seq analysis for the genome wide binding of the
phosphorylated p53 repressor in the MCF-7 cancer cell line

35p
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FIG. 5. The expression fold change (FC) for different genes in the absence (a) and presence of internal connectivity (b). The respective networks are shown in the inset of
the figure. We have marked response curves for various genes, such as p21, Bax, p48, and PAI, with respective blue, red, green, and yellow colors in the legend for panels
(@) and (b). Solid lines correspond to the theoretical predictions, and circles represent the simulation results.
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FIG. 6. The expression fold change (FC) of different genes as determined for three different cell lines. Since the internal connectivity among the different genes for the cell
lines is different, we show them in the figure. The binding of p53* to the promoter regions of the four genes is heterogeneous and explores the possibility of differential gene
expression and the fate of a cell. We have marked response curves for various genes, such as p21, Bax, p48, and PAl with respective blue, red, green, and yellow colors in
the legend for panels (a), (b), and (c). Here, the solid lines and circles represent the theoretical results and the simulation results, respectively.

(supplementary material). Our calculations in Fig. 6 show that
the connectivity among genes alters gene expression significantly
upon binding of p53* to the promoter regions of four cell fate-
determining genes. Our analysis reveals that the MCF-7 cell line
predominantly expresses p48 and BAX, which either repair DNA
or direct it to apoptosis. Both of these mechanisms can inhibit can-
cer progression.””* We find significantly different gene expressions
between the HCT116 and the MCF-7 cell lines. As observed from
our analysis, the repression effect of the p21 gene triggers the acti-
vation of PAI and p21 genes, which either inhibit angiogenesis or
arrest the cell cycle. However, p48 is expressed exclusively in K562
cells, as evident from our analysis. Thus, an underappreciated role
of p53” in controlling the expression for the cell fate-determining
genes is in modifying the network topology.””"’

IV. DISCUSSIONS AND CONCLUSIONS

Transitions between different cell states are governed by bind-
ing events at cis-regulatory regions, which are affected by 3D genome
organization among other factors. A number of previous studies
addressed TF binding network construction, other studies built ther-
modynamic models for TF binding at cis-regulatory regions, and a
large group of approaches studied the effects of 3D genome organi-
zation on TF binding and gene expression. Here, we combine these
three different research directions in an attempt to account for both
cis-regulatory TF binding and long-range mean-field effects of chro-
matin organization on gene network topology. We applied this idea
to minimalist p53 networks.

The core assumptions of our modeling are the following: p53
binds reversibly and site-specifically to promoters of its target genes;
P53 can be phosphorylated or not, which determines its regulatory
activity; the edges of the network in the form of a pre-selected small
number of genes of interest are fixed, but the topology of the network
is not fixed and can be different in different cells. As a proof of con-
cept, we consider a minimalist network of four key cell fate genes,
but the model is not limited to these genes and can be expanded to a
more complete network.

p53 maintains its low level in a healthy cell by a continu-
ous degradation mechanism through an interaction with MDM2.”’
However, DNA damage results in the phosphorylation of p53,
which inhibits binding with MDM2, and thus, the concentration
of p53” is stabilized.”! The p53* tetramer controls many cellu-
lar processes, including cell fate, ie., cell cycle arrest, apoptosis,
senescence, inhibition of angiogenesis, DNA repair, and metasta-
sis.” For example, apoptosis or cell cycle arrest is triggered by
activating P21 upon binding tetrameric p53”, which leads to the
production of p21. p21 binds with another cyclin-dependent kinase
complex (CDK/cyclin) that promotes cell cycle arrest.”"’' Fail-
ing to bind p53” to these cell fate-determining genes promotes
human cancer progression. Therefore, it is important to understand
the mechanisms behind p53* dependent cellular functionality in
cancer onset.””

The gene network studied here exhibits multiple layers of
control, including phosphorylation of p53 that alters its biolog-
ical activity and the binding affinity to the promoter regions of
the cell-fate-determining genes.'”'” Here, we investigated the role
of p53* in determining the cell fate through the lens of the free
energy minimum model. We showed that the binding of p53* to
the promoter regions of these genes can promote a phase transition
between different cell states. We demonstrated how such transitions
occur upon binding phosphorylated p53 at the promoter region of
target genes of the core regulatory networks, taking into account
long-range chromatin interactions. The transition is discontinuous
or first order as revealed by the change in sign of the calculated
free energy from our proposed model at equilibrium. The analy-
sis demonstrates that the system exhibits bistability.”” We further
explored the phase transition behavior for different cancer cell lines,
MCEF-7, HCT116, and K562, as they have the same constituents, but
the network topologies differ. Our results reveal that phase transi-
tion behavior, which has been studied previously for DNA-ligand
systems, > strongly depends on network topology in the case of
TE-DNA binding.

To further pin down the state of the cell, we introduced a grand
partition function for the biological networks and performed GCMC
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simulations of them to explore the microscopic origin of the cell
fate.”> We found a strong dependence of cell fate on the network
topology. For example, the MCF-7 cell line predominantly expresses
P48 and BAX, which either repair DNA or follow apoptosis. How-
ever, P21 represses P48 and BAX genes in HCT116 cells, ultimately
activating P21 and PAI genes, inhibiting angiogenesis, or arresting
the cell cycle. On the other hand, P48 expression exclusively pro-
motes DNA repair in the K562 cell line. Therefore, the diverse range
of outcomes obtained from the different cell lines governed by the
network topology provides a better understanding of the actual state
of the cell.””*

The cell phenotype is often the result of the action of few key
transcription factors that regulate the expression and are inher-
ently linked with the cascading event of the cell fate decisions.”
The tetrameric p53* plays a key role in activating some of many
genes based on the sequence-specific response elements.”® A prime
question in this regard is how p53 decides the cellular fate based
on a wide range of binding affinity dependent on the promot-
ers and internal networks for the cell fate-determining genes. In
this work, we investigated multiple biophysical processes and gene
networks to understand the fine-tuned expression and cell fate.
Our modeling established a computational framework that can
be employed to furnish transcription patterns for vast possibili-
ties of cellular fates. Our analyses for the different cell lines were
based on the network topologies known from the literature. How-
ever, there is a possibility that some other factors can dominate
over network topology, such as the entanglement of these genes in
3D space, dysregulated transcriptional programs that result from
genetic mutations, epigenetic regulation, RNA stability, protein
translation, and post-translational control. Our proposed theoreti-
cal method could include those factors in the model, which we are
currently exploring.

SUPPLEMENTARY MATERIAL

See the supplementary material for visualization of a ChIP-
seq dataset with p53 binding in MCF-7 cells in the UCSC Genome
Browser.
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