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1 First simplifications

1.1 Normalizing the PDMP network model

In this section we detail the normalization of our network model. Recall that the original model
is defined by

koni ko 2
Ei(t): 051, 1250
Mi/(t) = Soﬂ'Ei(t) — d07iMi(t) (1)

P/(t) = s1,iM;(t) — d1;P;(t)

where koni = kon,i(P1,...,Pn) and kog; = kofi(P1,...,Py). First we observe that, given an
initial condition

n n
wﬁuﬂmemum<M&wMﬁeﬂkﬂﬂ,<WWW%WIﬂm”mﬂ,
oL dos - ;

the system stays in this set for all ¢ > 0, and we introduce the dimensionless variables:

do i doid1;

Mi = M; € [0, 1] and ﬁl =

P; €0,1].
50, 50,i51,i

Then, since s, s1,i, do; and dy; are constants, we get

Mi/(t) = 527‘ Mi/(t) = dO,i (El(t) — 527, Mz(t)> = dgﬂ; (El(t) — Ml(t»
and
5 do,id1,i do; doidy — —
P (1) = 2 pry = dy s | 22 M) — 22T Py ) = dy (M) — Py(t)) .
() = SR () = d (200) — SR (0)) = o (W)~ Pi)

As a result, we obtain the normalized model:

-/

M (8) = dos (Ei(t) — Mi(t)) (2)

D D S0.18 — S, s o
Koni(P1,- -, Pn) = kKon,i ( e Pl,...deﬂdl’nPn)
0,n%1,n

and kog,; is defined analogously. It is straightforward to see that, given a path

(Ei(t), My(t), P(t))

of the normalized model (2), the corresponding path of the original model (1) is

<Ei(t), SOLNTL (), 80&5“3@)) .

In this sense, both models are equivalent: in the main text and in the next sections, we always

consider model (2) but forget the “bars” to keep the notations simple.



1.2 Separating mRINA and protein timescales

Here we justify the reduced network model involving only promoters and proteins, which is valid
when dy; < do; for all gene 7. A full proof is beyond the scope of this article but we provide
a heuristic explanation. We temporarily drop the ¢ index for simplicity. Let t; > tg > 0 and
E € {0,1}, and suppose E(t) = E for all t € [to,t1]. Moreover, let My = M(tp) € [0, 1] and
Py = P(ty) € [0,1]. If d; < dp, the solution of the linear ODE system

M = dy(E — M)
P =dy(M — P)

is given for ¢ € [to, t1] by
M(t) = E 4 (My — E)e~bt-t)

P(t) = F+ (PO _ E)efdl(tfto) 4 L(MO _ E) (e*dl(t*to) - efdo(t7t0)>
do — dy
Hence, if di < dy, we have
P(t) = E + (Py — E)e”(t—t0)

using the fact that [My — E| < 1 and |e~@(t=t0) — ¢=do(t=to)| < 1, and thus P(t) approximates
the solution of the differential equation P’ = d; (F — P).

2 Hartree approximtaion

2.1 Hartree approximation for the PDMP model

Before deriving the approximation, we introduce some notation. Let n be the number of genes
in the network, & = {0,1}" and Q = (0,1)". At time ¢, promoter and protein configurations
are denoted by E; = (e1,...,ep) = e € £ and P, = (y1,...,yn) = y € €, respectively. The
distribution of (E;, P;) then evolves along time according to its Kolmogorov forward (aka master)
equation, which is a linear partial differential equation (PDE) system in our case. This system is
high dimensional (|€| = 2", the number of possible promoter configurations) but the associated
linear operator contains lots of zeros. Using the tensor product notation ®, one can write down

the equation in a compact form:

ou " 0 (Fju) -

e — K,

ot Ty, — 2w ®)
where u(t,y) = (ue(t,y))ece € R?" ~ (R?)®" represents the probability density function (pdf)
of (Et, P;), and matrices F;(y;), Ki(y) € Man(R) =~ M2(R)®" are defined by

Fi(yi):I2®'”®F(i)(yi)®'”®[2, Ki(y):IQ®"-®K(i)(y)®---®[2

% %

with

i [ —dvyi 0 Ny [ —Roni(y)  Kkomi(y)
FO(y) = ( (1) dii(1 —y;) ) et KO(y) = ( Fon,i(y) _kfff,i(y) ) '

The sum in the left side of equation (3) clearly corresponds to a deterministic transport term,
while the right side corresponds to the stochastic transitions between promoter configurations.



Furthermore, the PDE system comes with the boundary condition
Vie{l,...,n}, Fu=0 ondQ (4)

and the probability condition

u>0 and VteRy, Z/Que(t,y)dyzl. (5)
ec&

The self-consistent “Hartree” approximation consists in splitting this 2"-dimensional problem
into n independent 2-dimensional problems by “freezing” the y; for j # ¢ where i is fixed, and
then gathering the solutions by taking their tensor product to produce an approximation of the
true pdf (see [1] for a heuristic explanation in the discrete protein setting). More precisely, one
reduced problem is derived for each gene i from (3)-(4)-(5):

ou’ N A(FWyh)
ot 8yl

= KWy (6)

where ui(t,y) = (uj(t,y),ul(t,y))" € RZ satisfies the initial condition u’(0,y) = u0(y),
the boundary condition F®(y;)u’(y) — 0 when y; — 0 or 1, and the probability condition
fol [ub(t,y) + ut(t,y)]dy; = 1 for all t > 0 and y1, ..., Yi—1,Yit1,--->Yn € (0,1). Therefore, each
u’ is a pdf with respect to (e;,y;) € {0,1} x (0,1) but not on £ x . Finally, the Hartree
approximation is given by

ult,y) ~ Q) u'(t,y) (7)
i=1

where the equality holds if for all 7, kon; and kog; only depend on y;.

2.2 Solving the reduced problem

For the moment, the time-dependent closed-form solution of (6) is unavailable, but the unique
stationary solution can be easily obtained if one knows a primitive of

kon,i(y) _ koﬂ,i(y)
diiyi  dii(1—yi)

)\i:yi'—>

which is the nonzero eigenvalue of the matrix M® = K@ (F®)=1 Indeed, letting v* = F®u’,
the stationary equation for v* from (6) becomes

ot

— M@yt
y; !

and then, crucially using the fact that M(® has a constant eigenvector (—1,1)" associated with
eigenvalue )\; (the other eigenvalue being 0), one can check that v* = e¥i(—1,1)7 is a solution

when g—i_" = \;. If one has such a ¢;, the stationary solution of (6) is given by

uh(y) = Zi ty; exp(pi(y)) and  wi(y) = Zi~ (1 — i)~ exp(ei(y)) (8)

where Z; is the normalizing constant (which may still depend on y; for j # ). Note that
the existence of a positive constant « such that min(kon s, koi;) > « imposes the limit 0 for
exp(p;(y)) when y; — 0 or 1, and thus the boundary condition is satisfied. We also obtain
the promoter probabilities po; = p(e; = 0) = Zy;/Z; and p1; = p(e; = 1) = Z1;/Z; where
Zoi = [y uitexp(pi(y)) dyi, Zug = [; (1 — ;)" exp(ei(y)) dy; and Z; = Zo; + Zu.

4



In particular, when Koy ; and kog,; do not depend on y; (i.e. no self-interaction), we get

koni ko i\Y
oily) = Foni®) gy 1+ oWy
dl,z dlz

)

which gives the classical solution

byl TN -y
a; + bz’ B(aza b; + 1)

ai  yi(L—y)h!
a; + b; B(ai—kl,bi)

uf(y) = and  u(y) = 9)
with a; = kon,i(y)/d1; and b; = kog;(y)/d1,. This form makes clear the promoter probabilities
po,; and p1; and the conditional distributions of protein y; given the promoter state e; = 0 or 1,
both being Beta distributions. Since the state is usually not observed, one usually considers the

marginal pdf of y;, which is also a Beta:

B €t e

B(ai, bz)

(10)

Note that the conditional distribution of mRNA given proteins also has the form (10) since
the PDMP equation is the same, although the argument is not the Hartree approximation but
rather the more common quasi-steady state assumption.

2.3 Protein marginal distribution

Given the form of the solution (8), it is in fact always straightforward to integrate over promoters,
even for the full (stationary) Hartree approximation (7), and we finally obtain

S )~ | Qe vl ) _ 7o)
uy) = ucly) = Yy (XB (y)L ZH e — HZi(y)yi(l—yi) (11)

ecE ecE ecf i= 1 yz| i=1

where we recalled the possible dependence of Z; on some y;. Hence, when ¢; and Z; are known
functions, one gets a fully explicit approximation of the joint protein distribution.

3 Explicit interactions

Here we derive an explicit form for the interactions between genes, starting from a coarse-grained
biochemical model. That is, for a given gene i, we focus on defining functions koni(y1,-..,Yn)
and kogi(y1,--.,Yn) where y1,...,y, denote the protein quantities. For simplicity, we drop the
7 index in this section when there is no ambiguity.

3.1 Simple biochemical model

The basic idea is to slightly refine the two-state model of gene expression: in addition to the
usual switching reactions (whose rates are ko, and kog), we consider a set of reversible transitions
between some chromatin states (e.g. describing enhancer regions). Each chromatin state is then
associated with a particular rate for the promoter activation reaction. For simplicity, we consider
only two cases: a high rate ky (the chromatin will be said permissive) and a low rate kg < ky
(the chromatin will be said non-permissive). Once active, the promoter can switch off at a
rate that is supposed to be independent from chromatin states. Finally, we assume that the
chromatin transitions are due to fast interactions with ambiant proteins (binding, hit-and-run,
etc.) so that the promoter-switching reactions always see chromatin in its quasi-stationary state.



Effective rates ko, and ko can therefore be obtained by averaging over chromatin states: this
way, ko is still a constant and k,, is now defined by

kon = kOpO + klpl

where pg (resp. p1) is the probability of the chromatin being non-permissive (resp. permissive).

We now define an explicit model for chromatin dynamics and compute its stationary distribution
to derive pg and p; as functions of y1,...,y,. We consider 2" permissive configurations and
2™ non-permissive configurations as follows: for all I € G where G = {1,...,n}, species C7
(resp. C7) stands for the chromatin being non-permissive (resp. permissive) and in state I.
The underlying physics are the following: the chromatin has two “basal” configurations Cj (non-
permissive) and Cy (permissive), which describe dynamics when no protein is present, according
to the reactions
a S oo

Then, each protein P; is able to modify the chromatin state through a “hit-and-run” reaction,
which is kept in memory by encoding the index j in the list I, giving the state C; or C7.
Eventually, this memory can be lost by “emptying” I step by step (going back to the basal
configuration). That is, for all I C G and j € G \ I, we consider the reactions

Ci+P =5 Ciy+ Py, Ciyy = Cf,

Cr+P; % Cryy+ Py, Cro; 5 Cr.

The system then evolves with [Cf], [C7] € {0,1} and ) ;[Cf] 4+ [C}] = 1, so that only one
molecule is present at a time: its species therefore entirely describes the state of the system.
Mathematically, we obtain a standard jump Markov process with 271! states. For example, the
case n = 2 leads to the scheme of Figure S1, writing a@; = a;[P;] and ¢; = ¢;[P;] for simplicity.
The underlying idea is that, depending on aj, b;, ¢; and d;, proteins will tend to stabilize the
chromatin either in a permissive configuration or in a non-permissive one — providing notions
of activation and inhibition. The basal reactions with rates o and 8 sum up what we do not
observe (i.e. what is likely to happen for the chromatin when none of the P; are present).

Cy ) “h
Z8 N7\
EQ El o / ‘k
C 19 C — A * 1 C*l )
{1.2) 0o G _ {1.2)
* y 3 Y V’
C2y Cloy

Figure S1: Chromatin states and transitions rates in the case of n = 2 proteins.



3.2 Stationary distribution

Letting S = {0,1}""!, each state can be coded by a vector s = (sq, 51, ...,8,) €S where s = 1
if the chromatin is permissive and 0 otherwise, and for j > 1, s; =1 1f it has been modified
by protein P; and 0 otherwise. If all rates are positive, the system has a unique stationary
distribution 7m which can be exactly computed from the master equation. More precisely, the
probability s of the chromatin being in state s € S is given by

{Zlanj LAjIPjlsj+1—sj) ifsp=1
Ts =
1BHJ 1(pi[Pjlsj +1—s5) ifsg=0

where \; = a;/bj, u; = ¢j/d; and Z is a normalizing constant. Now going back to our initial
intention of computing ko, we are only interested in the probability for the chromatin to be

p1= Z T(1,51,...,5n =Z"'a Z H S]+1 )

51,.0sSn 515--38n j=1

permissive,

and the probability for the chromatin to be non-permissive,
-1
PO= ) T0s1,mm By HM; jlsj +1—s5).
S1;.0458n S1,--58n j=1

Observing that each product term only depends on one s;, these formulas collapse to

= H 1+1), po=2Z"B][(wP]+1)
j=1 j=1

and the distribution condition po + p1 = 1 gives Z = o [[7_; (Aj[Pj] + 1) + BT, (1 [P5] + 1).
We finally get
koB 15—y (i [P5] + 1) + kra TT7_ (A [P] + 1)

BT ([Pl + 1) + a [T (A IR+ 1)

From this formula, it is straightforward to see that ko, will actually depend on a protein P; only

kon = (12)

if \; # 14, that is, when reactions involving P; have unbalanced speeds and tend to favor either
permissive configurations (A; > p;) or non-permissive configurations (A\; < p;).

3.3 Higher order interactions

So far we only considered that the P; were interacting as monomers. If they in fact interact after
forming dimers or other complexes, and if such complex-forming reactions are even faster than
chromatin dynamics, one can take this into account by simply replacing [P;] in equation (12)
with a function of [P;] corresponding to the quasi-stationary concentration of the complex. This
approximation seems to be relevant to capture the overall dependence of k., on the proteins, the
main point being to use a continuous description (e.g. rate equations) for proteins, which are
abundant, while keeping a discrete (stochastic) description for chromatin. We chose to replace
[P;] with [P;]™ where m; > 0, which gives our model a general Hill-type form. Note that
mj = 2 (resp. m; = 3) may represent a correct approximation for P; interacting as a dimer
(resp. a trimer) but in general m; does not necessarily have to be an integer.



3.4 The case of auto-activation

A this stage, it is possible to implement self-interaction for gene i by taking A\; # u; in (12)
but this leads to obvious identifiability issues: in stationary state, one cannot really distinguish
between auto-activation, auto-inhibition and basal level. To cope with these, we restrict ourselves
to auto-activation by setting ¢; = d; = 0 and keeping only the relevant chromatin states (C} for
all I, and C7 for I such that i ¢ I). The system still has a unique stationary distribution and
the formula for ko, corresponds to the case y; = 0 in (12). Then, starting from the fact that
auto-activation is only relevant when the basal level is small enough (for a bistable behaviour
to be possible), we take the limit @ < 1 while keeping a); fixed: the formula becomes

b — koB 112 (s [B51™ + 1) + kvaXi[B]™ [, (A [B5]™ + 1)
o B2 [B5]™ + 1) + adi [P [T (A [P 4+ 1)

where m; > 0 if gene i activates itself and m; = 0 otherwise.

(13)

3.5 Parameterization for inference

Parameters of equation (13) are still clearly not identifiable: in order to get a more minimal
form, we introduce the following parameterization: s; = ,uj_l/mﬂ', 0; = log(\;/p;) for all j # i,
and s; = (8/a)V/™i, 6; = log()\;). After simplifying (13), we obtain

= kot ki®([P]/si)™
14+ (R /si)m

where

1+ exp(6;)([F5]/s;)™

il o

J#
The new parameters have an intuitive meaning: s; can be seen as a threshold for the influence
by protein j, and 6; characterizes this influence via its sign and absolute value (6; = 0 implying
that kon does not depend on protein j), with the exception that s; and 6; aggregate a basal
behaviour and an auto-activation strength.

Finally, we recall the notation y; = [P;] and reintroduce the index i of the gene of interest and
add it to each parameter. Hence, for every gene ¢, the function ko, ; is defined by:

foon.i (y) = ko + k1.i®;i(y) (yi/si4)™
on,i 14+ &, (y) (yz/szﬂ)mm

(14)

with

1+ exp(0; ) (y;/si4)™"
®;(y) = exp(0;;) : e
yl;li 1+ (y;/si)™

In our statistical framework, we assume that parameters ko;, k1, m;; and s; ; are known and

(15)

we focus on inferring the matrix 6 = (6; ;) € M, (R), which is similar to the interaction matrix
in usual gene network inference methods.

3.6 Explicit distribution for an auto-activation model

Here we derive the stationary distribution for a self-activating gene. For simplicity, we drop the
7 index. In this model, kg is constant and we assume that there are some constants ® > 0,
m > 0, s >0 and k1 > kg > 0 such that ko, has the form

ko +k1®(y/s)™
kon(y) - 01+q1)(y/8)m

8



so the stationary distribution can directly be used in the Hartree approximation of the network
model (14), recalling that ® has to be independent of the gene’s own protein but can depend on
others. Letting ¢ = (k1 — ko)/(md;y) > 0, we are in the case of the explicit solution (8) with

ko P kL ko
¢(y) = clog <ydlc + Smydlc> + Tzﬁ log(1 —y)
1

so the protein distribution is

. ko d F\°€ koff
u(y) =2 'y (ydlc + Smydlc) (1—y)a . (16)

To get a fully explicit result, i.e. to compute Z, we shall assume that c is a positive integer.
If it is not, one can get a satisfying approximation by taking ¢ = [(k1 — ko)/(mdy)]. Then,
expanding (16) using the binomial theorem, we obtain

7= (;)pter i@y

where a, = ((¢ — r)ko + rk1)/(dic) and b = kog/d1, and a probabilistic representation of w in
terms of a mixture of Beta distributions:

Q(y) - Zprfr(y) (17)
r=0

where f,(y) =y~ (1 —y)"""/B(ar, b) and p, = () B(ay,b)(®/s™)"/Z.

The dissociation constant s is clearly redundant with the input ®. We fix the particular value

_ (Blac,b) %_ B(k1/dy, kos/d1) kldflko
_<B(ao,b>) _<B(k¢o/d1,kog/d1)) (18)

for which the arbitrary neutral case ® = 1 is “symmetric”, i.e. pg = p.. Note that s actually

only depends on the fundamental parameters ko, k1, kog and d; (and not on ¢ nor m). Figure S2
shows some examples of the resulting distribution, which can be bimodal or not, depending on
the value of ¢ (or equivalently, m) when all other parameters are fixed.

4 EM algorithm for network inference

4.1 EM algorithm for MAP estimation

Here we briefly recall the formulation of the Expectation-Maximization (EM) algorithm for
mazximum a posteriori (MAP) estimation. Consider the probabilistic hierarchical model defined
by the distribution of proteins p(y|f), the distribution of mRNA given proteins p(x|y, 6), and
a prior distribution p(f) on the parameters. Assuming we only observe z, we want to infer ¢
by MAP estimation, that is, find a mode — hopefully the highest — of the posterior distribution
p(0 | x), which satisfies by Baye’s rule:

p(0|x) _/P(G,y |z)dy where p(0,y|x)=p(y|0)p(z| y,9>§g§.

As p(f | z) has a too complex expression to be efficiently maximized, the EM algorithm rather
uses £y(z,y) = log(p(#, y | x)) by iteratively computing #*+! = arg maxg{Q(0, ")} given 6, where

HHQWﬁﬁ—/%@wMM%WNu (19)

9
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Figure S2: Protein stationary distributions (red curves) from the auto-activation model for

different values of the input ®, with s set as in (18). The blues curves indicate the underlying
weighted Beta distributions in each mixture. (A) ® = exp(—2), (B) ® = exp(0) = 1, (C)
® = exp(2). The distribution tends to be strongly bimodal for small ¢ values, while large values
make the distribution close to the unimodal no-feedback case (constant ko). Parameters are
ko = 0.25, ki = 1.25, kog = 7.5, d1 = 0.1 and, only used for scaling, s; = 10, dy = 0.5, s9 = 103.

A well-known result states that at each step we in fact maximize a lower bound of p(# | z), which
is the key point of the algorithm and makes it a particular case of “variational method” (see [2]
for example). Now, since p(z) (resp. p(6)) does not depend on 6 (resp. y), it turns out that

arg max{Q(6, 0")} = arg max{Q(6,6") — 9(0)}

where g(0) = —log(p(#)) and Q(0,6") = [[logp(y|0) + logp(z |y, 0)p(y|z,0') dy is the more
standard quantity that appears in the “frequentist” EM algorithm for maximum likelihood
estimation. Hence, considering a prior on € simply results in adding a penalization term g(0)
during the M step in the algorithm.

For example, if we assume that 6; ; for i # j are independent and follow Laplace distributions,
ie. p(0) = [y 2 exp(—A|0;]), then g(0) = A izilbijl + C where C' = n(n — 1)log(2/A).
Since C' does not depend on 6, this is equivalent to the standard L' (lasso) penalization, which

is well known to enforce the sparsity of the network.

4.2 Custom prior on the interactions

Here we consider a custom prior to deal with oriented interactions. Indeed, for every pair of
nodes {7, j} there are two possible interactions with respective parameters 6; ; and 6, ;, but it
is likely that only one is actually present in the true network. Hence, we want 0; ; and ¢;; to
“compete” against each other so that only one is nonzero after MAP estimation, unless there
is enough evidence in the data that both interactions are present. To this aim, we define the

10



following prior:

p(0) ccexp | =AD" [6i5] — A > 16:56;] (20)
i#j i<j
with A\;a > 0. Thus « can be seen as a competition parameter, the case a = 0 leading to the
standard lasso penalization parametrized by .

4.3 The algorithm in practice

As visible in (19), the true EM algorithm involves integration against the distribution p(y |z, 6),
which does not allow for direct numerical integration because of the dimension (y € R™). To
overcome this problem, a first option is Monte Carlo integration — typically by MCMC — leading
to a “stochastic EM” algorithm that is slow but accurate if samples are large enough. A faster
option consists in approximating p(y |z, ) by its highest mode, i.e. by the Dirac mass d; where
y = argmaxy,{p(y | z,0)}. Then it is worth noticing that since p(y |z, ) o p(y|0)p(z|y,0), the
whole procedure can be seen as performing a coordinate ascent on the function (0, y) — p(0,y | ).
We chose this option for the examples: it is sometimes called “hard” or “classification” EM,
since a particular case leads to the well-known k-means clustering algorithm [3]. Unfortunately,
theoretical foundations of the true EM algorithm are lost by the hard EM (we do not maximize
a lower bound of p(# | z) anymore), but it often gives satisfying results while requiring much less
computational time.

In practice, the procedure is the following. Suppose we observe mRNA levels in m independent
cells, and let x; € R™ (resp. yx € R") denote the mRNA (resp. protein) levels of cell k. In line
with sections 4.1-4.2 and letting x = (x1,...,%X;n) and y = (y1,...,ym) for simplicity, we define
the objective function

where the complete log-likelihood ¢(x,y, f) and the penalization g(#) are given by

Y

U(x,y,0) = _log(u(yk,0)) +log(v(xk, ¥k, 0)) and g(6) =A>_[0;,[+ > [0:,0;
k=1

i#j i<j
with u(y, 8) = p(y|0) and v(z,y,0) = p(z|y, ).
The algorithm then simply consists in iterating the following two steps until convergence:
y' = argmax{F(y,6")} (22)

0" = argmax{F(y",0)} (23)

The “approximate E step” (22) can be performed using a standard gradient method since u and
v are smooth functions of y. The “penalized M step” (23) is a non-smooth maximization problem
since ¢ is non-smooth, but it can be performed using a proximal gradient method detailed in the
next section. The form of ¢(x,y, 0) is such that we just need to compute V logu and Vloguv.

The formulas for v and v derived from the normalized model are given in the main text: they
can be applied once the data has been normalized, i.e. after dividing each mRNA i level by
s0,i/do,i- In the bursty regime, this scale parameter is neither identifiable nor necessary. Indeed,
as explained in the main text, the “Beta-like” distributions collapse to “Gamma-like” ones which
we provide below, and for which the scale parameter is identifiable.
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4.3.1 Likelihood form in the basic case

In the basic case (no self-interaction), we have:

n

log(u(y,0)) = Z(ai(y, 0) — 1) log(yi) — bi(y, 0)yi + ai(y, ) log(bi(y, 0)) —logT'(ai(y,0))

and

n

10g(U($, Y, 0)) = Z(al(yv 9) - 1) log(zl) - Ez(yv Q)LE,L + E’L(y’ 9) log(gl(ya 0)) - log F(al(ya 0))
=1

where a; = Kon,i/d1,i, bi = (do,i/51,:) X (Koft,i/50,i), @i = kon,i/do; and b; = koti/50,i-

4.3.2 Likelihood form in the auto-activation case

In the auto-activation case (section 3.6), the formula for logv is the same but logu is given by

log Z log (Z Wi,y ya al’T Zyz) log (Z Wi, ya az r)bz a”)
Where C; = [(klﬂ' — kO,i)/(dl,imi,iﬂ, aim = ((CZ — T‘)koﬂ' +Tk17i)/(d17icz‘) and wi,r = ( )( Z/Sml 1) .

4.3.3 Gradients

Explicit computation of the gradients is then straightforward (e.g. with kog; constant and kop i,
®; defined by (14)-(15)) but leads to cumbersome formulas: we implemented them in Scilab and
the code is available upon request.

4.4 Proximal gradient method

Here we recall a standard proximal gradient method [4] to solve the M step (23) and provide the
proximal operator associated with g(f). Note that the method seems to converge in practice,
even if g is not convex. It is based on the update

o4+ = prox. (9““ T AVl(x,y, 9<k‘>))

where v > 0 is a step size (learing rate) and prox, is the proximal operator associated with g(6),
defined on © ~ R"'~n by

, |
prox, (7) = arg min § 9(6) + 5 ;(% —7i)?

In fact, for any 4,j € {1,...,n} such that ¢ # j, one can see that 6;; and 6;; appear in the
minimized quantity as independent of all other 6 components. Hence, one just has to compute

1 2 2
pI‘OX,Y(Tl,’TQ) = arg (01,1321)211@2 {)\ (101] + |02| + «|0162]) + % ((91 —11)*+ (02 — m2) )}

and use it for any (71,72) = (7,5, 75,:) € R? to obtain the corresponding components of prox. (7).
Then, letting € = Ay and assuming v small enough such that ae < 1, we obtain

1
1— (ae)?

with 9 cases for the value of (h1, h2) depending on (11, 72), given by:

(h1, h2)

prox, (71, 72) =
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|
|
|
|
|
|
|

0. {

These 9

T1 > €
71 >e(l+alrn—-e¢)

N { h1=7’1—€(1+a(7'2—5))
T2 >e(l+a(n —e¢))

hQ = T9 — 8(1 + O[(Tl — 5))

T1 > € N { hi=1 —¢
72| < e(l+ a(r —¢)) ho =0
T > €
71 >e(l+al(—-m—¢))
7o < —e(l+ a(r —¢))
71| <e(l1+ a(—m2 —¢)) { hi=0

=
Ty < —€ ho =79 +¢

hl =T1 —5(14—&(—7’2 —E))
= { h2:T2+€(1+Oé(T1—E))

T < —€
71 < —e(l+ a(—m —¢))

N { hy =11 4+e(l+a(-m —¢))
T < —e(l+ a(—m —¢))

he =1 +e(l+a(-m —¢))

T < —€ N {h1=7’1—|—8
‘7‘2| <€(1+Oé(77'17€)) h2:

< —€

7 < —e(l+a(rn—¢) = {
7o >e(l+a(—1 —¢))

< —_ =
71| < e(l+ a(r —¢)) N { hi =0

hl =T1 +€(1+O&(T2 76’))
h2 = T2 —5(14—0&(—7’1 —5))

Tg > € ho =19 —¢

T1 Ss h1:0
| .
‘7’2|<€ h2:0

cases form a partition of R? and are represented in Figure S3. One can check that the

case a = 0 collapses to the usual proximal operator associated with lasso penalization.

TQ? T2)|‘
7 ? 1 7 ? 1
E /gOJrO‘(ﬂ/E» E
: m : m=c
R R 2 ------- > ee-ee- 6 --------- R 2 --e---- >
T1 T1
: § ! §
: . Ty = —¢€
L\ e :
5 . 3 5 . 3

Figure S3: Partition of R? associated with the proximal operator, for a > 0 (left) and a = 0

(right). Gray areas correspond to a usual gradient and white areas correspond to a threshold.

To obtain the results of Fig 8, we used A = 10, @ = 5 and v = 10~%. In a broader context, one

may use standard cross-validation to derive appropriate values for A and «.
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5 Dealing with real data

In this section, we propose a pre-processing phase which would be required in order to apply our
network inference method to real data. The first step ensures that the approximate likelihood
is well-defined, while the second step consists in estimating the basal parameters appearing in
functions kon i, korr,i- Please note that inferring real networks from real data is beyond the scope
of this paper and will be the subject of future papers.

5.1 Spreading zeros

The likelihood does not accept exact zeros (cf. section 4.3). This is not a problem with
continuous-type data (for instance, based on fluorescence measurements), but it becomes one
when dealing with counts (e.g. RNA-Seq). We propose to replace such zeros with relevant
positive values. Recall that the PDMP focuses on the promoter and neglects the local molecular
noise at the mRNA level. It is therefore natural to consider that, given a value M > 0 of mRNA
level in the PDMP, the actual number m of molecules in the cell is drawn from the Poisson
distribution P(M). Then, a possible way to replace zeros is to go backwards, i.e. to draw a
value M from the PDMP distribution conditioned to m = 0. Namely, we propose the following
procedure to be applied independently for each gene:

1. Infer a gamma distribution y(a, b) (as a local approximation of the PDMP) from the whole
data (possibly at a given time-point) using the standard method of moments;

2. Replace zeros with independent samples from the distribution v(a,b + 1), conditioned to
be smaller than the smallest positive value that was measured.

This procedure ensures that zeros are replaced with very small values and that no artificial
correlation is introduced. The distribution 7 (a,b+1) comes from the fact that, if L(M) = v(a, b)
and L(m|M) = P(M), then a simple computation gives L(M|m = 0) = vy(a,b+ 1).

5.2 Estimating the basal parameters

Here we describe a heuristic method to estimate the model-specific parameters (i.e. everything
but the matrix #) when they cannot be measured through ad hoc experiments, in the case of the
auto-activation form (14)-(15). Once again we refer to section 4.3. Note that for the mechanistic
approach to be relevant, one should know at least the ratio dp;/d1 i, which can be obtained by
measuring mRNA and protein half-lives. When even this is unavailable, we propose to use the
default value dy;/di; =5 (mean value derived from the literature, cf. main text).

The main idea consists in noticing that, when protein ¢ is described by the auto-activation
model (14)-(15) (thus following the distribution (17)), mRNA i in quasi-steady state happens to
be well described by the same distribution class as (17), with the same m; ; and other parameters
being divided by do;/di ;. More precisely, we perform the following steps:

1. Estimate ZL/OJ' = kO,i/dO,i, Eiu = k17i/d07i, g@ = koff,i/SO,i7 51 and ® from the likelihood

Ci
flx;) o Z (I)Txi(1fr/'cvi)'do,ﬂr(r/’c})’dl,ﬁl67'51,331,'
r=0
This can be done for instance using an EM algorithm for each value of ¢; in some range (e.g.
¢ = 1,2,...,10), and then choosing the “argmax” tuple (60,i7617i73i7a7 ). Afterwards,
ap,i, a1, b; and ¢; are stored (® only serves this step).
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2. Consistently with the definition of the model, we set m;; = (a1,; — ao)/¢é,

;s — koi _ do,i s, ars— kii _ dos I ki —koi _ doi Z
Todvyy diy 7 Toodyy diy 7 dy,im; dy
and we choose b; = 3(1): E Then we define, as an approximation of (18) in the bursty
regime,
o l <F(a1’i)>1/(a1,i—ao,i) |
by \I'(aoy)
1C\lIote that such b; is not the “tru;” Vatliue regarding section 4.3.2, as we would need to know
1 1,2 0,7

g@ Fortunately, the network inference does not

z to apply the formula b; =

51, s1,4  di
depend on this scale parameter since the Hill threshold s;; is proportional to 1/b;.

3. Last step consists in extrapolating m;; and s;; to the remaining unknown parameters m; ;
and s; j (describing how gene j influences gene ¢). Since the crucial point is their coherence
with respect to the range of protein j, a relevant choice without additional knowledge is,
for all ¢ # j,

mg 5 = Mj4 and Sij = S4,5-

6 Parameter values
6.1 Models
Table S1: General parameters used in the examples. The s;; correspond to the normalized

model: counterparts in absolute protein numbers are 3;; = s;; X (s0s1)/(dod1) = 2 x 10° for
1 # j and Sii = Si4 X (8081)/(d0d1) = 1.9 x 10%.

Parameter Value Units

S0 103 mRNA - h~!

S1 10 protein - h™! - mRNA~!
do 0.5 h—!

dq 0.1 h—!

ko 0.34 h—!

k1 2.15 h—!

ko 10 h—!

My, j 2 for i # j -

mi; 2 (Fig 5, 6) or 3 (Fig 8) -

S 0.01 for i # j proteins (normalized)
Sii 0.095 from eq. (18) proteins (normalized)
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Table S2: Network parameters used in the examples.

Figb,6 611 012 021 a2
4 -8 =8 4

Fig 8 i1 bi12 021 022
1 0 0 0 0
2 0 0 1 0
3 0 1 0 0
4 —-0.1 1 1 —0.1
5 0 0 -1 0
6 0 -1 0 0
7 0 -1 -1 0

6.2 Results

Table S3: Inferred network parameters used to generate Fig 8b. Each row refers to one of the
ten datasets generated for testing. Colors indicate whether the parameters represent the correct
topology (blue) or another one (orange) regarding the true networks (cf. Table S2).

Network 1 Network 2 Network 3 Network 4
012 021 012 021 012 021 012 021
1 0 0 1 0 0.13 1 0 0 11028 0.22
2 0 0 2 0 0.18 21 0.12 0 21025 0.15
3 0 0 3 0 0.14 31026 0.10 31 0.23 0.21
4 0 0 4 0 0.17 4 | 0.19 0 4 | 0.20 0.15
51 0.10 0 5 0 0 51 0.21 0 51 0.18 0.23
6 0 0 6 0 0.20 6 | 0.36 0.15 6 | 0.23 0.27
7 0 0 7 0 0.18 71 0.11 0 71 0.17 0.16
8 0 0 8 0 0.11 8 | 0.11 0 8 0.14 0.13
9 0 0 9 0 0.15 9 0.19 0 91 0.29 0.21
10 0 0 10 0 0 10 | 0.12 0 10 | 0.24 0.21
Network 5 Network 6 Network 7
01,2 021 012 021 012 021

1 0 0 1| —-0.14 0 1| -0.20 -0.24

2 0 —0.12 2| —0.11 0 21 —-0.34 —-0.34

3 0 —0.10 3| —0.13 0 3| —-0.17 -0.14

4 0 —0.16 4 | —0.15 0 4 | —0.23 —-0.20

51 —0.10 —-0.21 5| —0.21 0 5| —0.17 —=0.18

6 0 —0.18 6 | —0.16 0 6| —0.19 —-0.16

7 0 —0.13 71 —-0.29 —-0.09 71 —0.21 —-0.21

8 0 —0.09 8 0 0 8| —0.30 —0.31

9 0 0 91 —0.13 9| —-0.11 -0.13

10 0 —0.18 10 | —0.21 0 10 | —0.11 —0.17
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Table S4: Example of inferred networks in the presence of dropouts (30% of the whole dataset)
generated by applying a Poisson noise and then a threshold to the “perfect” data. Such zeros
where replaced using the procedure described in section 5.1 before inferring the networks.

Network 1 Network 2 Network 3 Network 4
012 0O O12 021 012 O 012 O
1 0 0 1 0 0.27 1| 0.31 0 11043 041
2 0 0.10 2 0 0.16 21 0.23 0 21044 0.26
3 0 0 3 0 0.31 31032 0.12 31036 0.28
4 0 0 4 0 0.44 4 | 0.30 0 41044 0.23
51 0.10 0 5 0 0.27 51039 0.11 51 0.38 0.51
6 0 0 6 0 0.55 6 | 0.40 0.16 6| 042 0.48
71 0.09 0.16 7 0 0.23 71019 0.11 71048 0.34
8 0 0 8 0 0.21 8| 0.14 0 81 0.36 0.32
9 0 0 9 0 0.36 91035 0.16 91 0.59 0.43
10 0 0 10 0 0 10 | 0.19 0 10 | 0.41 0.34

Network 5 Network 6 Network 7

01,2 02,1 01,2 02,1 01,2 02,1

1 0 0 1| —0.18 0 1| -0.22 —-0.24

2 0 —0.26 2| —0.25 0 2| =05 —0.50

3| —0.09 -0.21 3| —0.28 0 3] —-025 -0.21

4| —-0.11 -0.35 4| —0.25 0 4| —-0.26 —0.22

5 0.30 0.47 51 —0.34 0 51| —0.12 —-0.14

6 0 —0.32 6 | —0.26 0 6 | —0.20 —0.18

7 0 —0.22 7| —047 —0.18 71 —-0.30 -0.29

8 0 —0.19 8 | —0.09 0 8 | —0.44 —0.45

9 0 —0.27 9| —0.22 0 9| —-0.15 -0.18

10 0 —0.38 10 0.38 0.12 10 | —=0.11  —0.17
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