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Few inputs can reprogram biological networks

ARISING FROM Y. Liu, J. Slotine & A. Barabasi Nature 473, 167-173 (2011)

Liu, Slotine and Barabasi' identify subsets U of nodes in complex
networks, which are required to exert full control of these networks.
Control in this context means that for each possible state S of the
network there exist inputs for all nodes in U, which are sufficient to
force the network to state S'. Application of the methodology to gene
regulatory networks suggests that roughly 80% of all nodes must be
controlled to drive such a network. This seems to contradict recent
empirical findings® in the cellular reprogramming field.

Mammalian cells have been shown to be efficiently reprogrammable
towards other cellular phenotypes®. Controllability of such complex
transitions in transcriptional networks underlying cellular phenotypes
appears to be an intrinsic biological property and is being used for
the development of novel disease models and cellular therapeutics in
regenerative medicine. However, in contrast to technical or social
networks, biological networks show a high degree of intrinsic co-
regulation. Co-regulation appears to quench the admissible space of
states of gene expression networks to a combinatorial expression space
with relatively low dimensionality. Recent publications suggest that this
subspace is spanned by only a few (five to fifteen) genome-wide differ-
ential expression patterns, which are—surprisingly—sufficient to char-
acterize most observable biological phenotypes’™. Each of these patterns
is given by weighted sums over the expression of relatively extensive
gene sets contributing coherently to the respective pattern’’. Although
these empirical studies suggest linear structures underlying the respec-
tive subspaces, nonlinear or star-shaped topologies cannot be excluded.

Moreover, genome-wide co-regulation may result in dynamic res-
ponse features, as observed in chemical networks. Hence, owing to
their low dimensionality, full control and reprogramming of biological
systems may be achieved by only a few key control factors, seemingly
contradicting the more general concept put forward by ref. 1. Recent
experimental studies show proof of concept for a wide range of repro-
gramming of biological systems using overexpression of only one to
five transcription factors®*', which effectively regulate only a subset
of downstream genes. We note that the number of nodes (five or
fewer genes out of about 30,000) needed to fully control a biological
system®*'® is much less than the estimate of 80% of all nodes'.

Thus, for the special case of biological systems, it may be sufficient to
weaken the standard definition of controllability of networks—control
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oflarge sets of nodes as suggested by ref. 1—to mean the controllability
of restricted, biologically admissible network states.
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REPLYING TO F.-J. Miller & A. Schuppert Nature 478, doi:10.1038/nature10543 (2011)

Miiller and Schuppert' describe an exception to our finding® that
roughly 80% of the nodes must be controlled to gain full control over
gene regulatory networks. Yet our result hides subtleties that reveal as
much about controllability as about the limits of our current under-
standing of biological networks.

Reprogramming cells from one phenotype towards another is not
the same as full control of the regulatory process. Controllability, as
explored by us, concerns the ability to drive the system from any point
to any other point in the state space in a finite time. Stable phenotypes
are best seen as attractors of the system’s regulatory dynamics®, sepa-
rated by potential barriers that are difficult to cross under normal
circumstances®’. Reprogramming therefore concerns our ability to
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drive the system from one attractor to another—that is, controllability
within a restricted subspace of the original state space. Consequently,
such a procedure may require fewer driver nodes.

This can be illustrated by the example of a directed star with one
central hub and N — 1 leaf nodes, capturing the common situation in
which the expression of N — 1 genes is co-regulated by a single tran-
scription factor. To gain full control of the system’s dynamics we need
to control Np = N — 1 nodes, that is, all but a single node. (Here, Np,
denotes the number of driver nodes and N is the total number of
nodes in the network.) Yet, if we do not care about the relative differ-
ences in the expression pattern of the leaf nodes, then it is sufficient to
control the central hub, that is, Np = 1. This does not imply full
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Figure 1 | Controlling the central hub of a directed star will cause the system
to get stuck in a particular subspace. In the left panel, the control input
(represented by the blue wavy line) is applied to the central hub x; of the
directed star with N = 3 nodes. The system will be stuck in a plane described by
az1%,(f) = az1x3(1), as shaded in the right panel. The system is controllable
within this subspace, that is, it can be driven from any initial state (blue point) to
any desired final state (green point) in finite time. However, it is not
controllable in the whole state space.

control, because the system is stuck in a subspace of the full state
space (see Fig. 1), but such limited control may be sufficient for
reprogramming.

Our estimate that approximately 80% of nodes must be controlled
to fully control the gene regulatory network is based on very in-
complete maps of regulatory networks. Current estimates indicate
that the protein—protein interaction maps cover less than 10% of all
potential protein-protein interactions®’. For regulatory networks we
lack such estimates, but probably the coverage is even lower.
Assuming that with advances in mapping the number of regulatory
links will increase tenfold, our analytical results (equations (4) and (5)
in ref. 2) predict that np, (=Np/N) will drop to (0.8)'° = 11%. Hence,
the observed large np, is partially driven by the incompleteness of
regulatory maps. Furthermore, the presence of gene auto-regulation
will create self-edges (that is, nodes pointing to themselves), making
np drop even further (M. Pdsfai, Y.-Y.L, J.-J.S. and A.-L.B,
manuscript in preparation). Finally, np could be further reduced by
nonlinearities in the dynamics, which would potentially help the

system explore its state space, enhancing its controllability and thus
decreasing np, (refs 8 and 9).

Thus, controllability offers an appropriate framework within which
to explore many cellular processes, potentially including cell re-
programming. To reach its full potential, however, we need a better
understanding of both the structure and the dynamics of regulatory
processes.
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