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Mechanisms of development rank
among the great conundrums of biol-
ogy: how are the diverse cell types that
comprise an adult organism generated
from a single genome? While countless
labs around the world are attacking dif-
ferent aspects of this question, a related
question remains poorly defined: what
is a ‘cell type’? In other words, by what
criteria should we categorize cells into
classes? Answering this question is not a
mere academic exercise but has deep
implications for both developmental
biology and for engineering cell fate.
Generating specific cell types in the
dish, either through directed differenti-
ation of stem cells or through direct
conversion between somatic cells, is an
area of intense interest because engi-
neered cells can serve as a platform to
screen drugs, to study otherwise inac-
cessible cell populations, and for regen-
erative medicine. Much effort in this
field is centered on finding appropriate
culture conditions and factors that can
guide cell populations toward a desired
target cell type. However, two substan-
tial barriers to the faithful recapitula-
tion of cell types in vitro are intimately
related to the concept of cell type or
cell identity. First, we lack a quantita-
tive metric to assess the identity of
engineered populations. Second, we are
in need of a rational, hypothesis-driven
means to improve the identity of the
engineered cells. We have recently
developed a computational platform,
CellNet, that addresses these issues,1

and we have used CellNet to discover a

previously unappreciated potential (and
thus identity) of induced hepatocytes to
functionally engraft the colon, and to
improve the function of directly con-
verted macrophages.2

Cells are typically categorized by their
physiologic function: red blood cells
transport oxygen and motor neurons
transmit signals between skeletal muscle
and the central nervous system. There-
fore, determining whether engineered
cells are equivalent to haematopoietic
stem cells, for example, requires trans-
planting them into an immune-compro-
mised mouse and assessing long-term,
multi-lineage engraftment. However,
functional assessments of identity can be
technically challenging, may not sample
all the desired functions of the target cell
type, and are of limited value if they fail.
Rather than a phenomenological test of
identity, we sought to develop a test that
decodes the essence of a cell type. There-
fore, to build CellNet we took as our
starting point the observation that gene
regulatory networks (GRNs) determine
both the steady-state transcriptional pro-
file of a cell and its response to most per-
turbations (e.g., stress, lack or surfeit of
nutrients, disease, age, etc.). In this way,
GRNs determine the cell’s behavior, and
thus its identity. We used publicly avail-
able gene expression data to reconstruct
human and mouse cell and tissue type
specific GRNs, and used them to make
cell type classifiers. Several important
insights emerged from our application of
the classifier to gene expression data of all
compatible cell engineering experiments

in the public domain. First, we found
that directly differentiated cells
approached their in vivo target types
more closely than directly converted cells.
Second, we found that the GRNs of the
starting cell type frequently are main-
tained in the engineered populations
(Fig. 1). Finally, we found that aberrant
GRNs of other cell types (neither the
starting nor the target) were partially
established in the engineered cells.

We used two systems to test how this
approach can be applied to cell engineer-
ing. First, we applied the classifier to
hepatocyte-like cells (iHeps) induced
through the expression of Foxa1 and
Hnf4a, and found that GRNs of the
colon were partially established. Hypoth-
esizing that iHeps might have broader
endoderm potential, we transplanted
them into superficially damaged mouse
colon and found that they were able to
integrate into the colonic epithelium to
support long-term functional engraft-
ment. In the second system, we used
CellNet to identify critical B cell tran-
scription factors that were maintained in
induced macrophages, knocked their
expression down, and showed that result-
ing cells had improved macrophage func-
tion. These studies demonstrate the
utility of CellNet for improving direct
conversion and uncovering unappreci-
ated features of engineered cells.

There are several areas in which our
network biology approach to improve cell
engineering can be substantially
improved, and adapted and applied to
other questions. First, we learned from
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our knock-down experiments in the
induced macrophage system that parts of
starting cell type GRNs are locked in or
buffered by feedback loops. As the persis-
tence of the starting cell type GRN was
commonly found across cell engineering
paradigms, learning how to overcome this
barrier will be crucial. A combination of
experimental screens and more sophisti-
cated computational modeling should
reveal principles to help decommission
the starting cell type GRN. The second
major area for future advancement will be
to reconstruct truly cell (and not tissue)
type specific GRNs using single cell RNA-
Seq data. While this endeavor will require
the coordinated input and efforts of many
labs across disciplines, based on what we
have already achieved with population-
based microarray data, we believe that
such a strategy will pay off in the long
term. And, while the transcriptome is an
excellent reflection of cellular state, incor-
porating epigenome information will fur-
ther improve the predictive capacity of the
platform. Finally, we speculate that a simi-
lar application of network biology will
enable us to explore how mutations
impact the GRNs in specific tumors, and
how GRNs can serve to categorize the cell
of origin of diverse cancers.
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Figure 1. The establishment of a lineage specific gene regulatory network (GRN) in development
(left), in directed differentiation of pluripotent stem cells (middle), and in direct conversion (right).
Cell engineering approaches fail to fully install the hepatocyte GRN, fail to decommission the start-
ing cell type GRN, and partially establish alternate fate GRNs.
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