






(MAPKs) [MAPK kinase kinase (MEK) and extra-
cellular signal–regulated kinase (ERK)]. Quantifi-
cationof transcripts, proteins, andphosphorylation
levels confirmed that TTNtv iPS-CMs exhibited
significant attenuation (all P < 0.01) in the levels
or phosphorylation of TGFb, VEGF, MAPKs, and
AKT (Fig. 3, D to H) but not HGF, EGF, or FGF2
(fig. S3E). To determine whether these signaling
deficits contributed to force deficits, we pretreated
pP22582fs+/� and pW976R+/� iPS-CMs with VEGF
(50 ng/ml) or TGF-b (0.5 ng/ml) for 4 days before
studying CMTs. In contrast to the failed augmen-
tation in response to mechanical load (Fig. 1F)

or b-adrenergic stimulation (Fig. 1G), supple-
mentation with VEGF, but not TGF-b (fig. S3F),
improved force production in pP22582fs+/� and
pW976R+/� CMTs (Fig. 3I).
Coupled with engineered biomimetic culture

systems, the use of patient-derived or gene-editing
technologies to produce iPS-CMs provides ro-
bust functional genomic insights. Our studies
of iPS-CM with different TTN mutations re-
vealed that somemissense variants like TTNtvs
are pathogenic, whereas comparisons of contrac-
tile function in patient-derived and isogenic CMTs
implied a role for genetic modifiers in clinical

manifestations of TTNtvs. We found that both I-
and A-band TTNtvs can cause substantial con-
tractile deficits but that alternative exon splicing
(fig. S3, A and B) mitigates the pathogenicity
of I-band TTNtvs. Additional factors—such as
iPS-CMs not fully recapitulating the cell biology
of adult cardiomyocytes and CMT tissues lacking
in vivo compensatory responses—may also ac-
count for different degrees of contractile def-
icits in iPS-CMTs and human hearts with TTNtvs.
Surprisingly, some TTNtvs produced stable trun-
cated protein, but this mutant peptide failed to
assemble with other contractile proteins into
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Fig. 3.TTN regulates iPS-CM signaling and RNA expression. (A) Upstream
transcriptional regulators were identified by Ingenuity pathway analysis (IPA)
of differentially regulated genes (normalized ratio >1.2 and <0.8 and P < 0.01)
(table S1C) using RNA-seq from cWT, cN22577fs+/� , and cN22577fs� /� iPS-CMs.
Data are plotted as z score of enrichment (z score cutoff: � 3.5 and � 3.5).
(B to D) Comparison of cWT, cN22577fs+/� , and cN22577fs� /� iPS-CMs nor-
malized expression (FPKM) of (B) b(MYH7) and a(MYH6) myosin heavy-chain
ratios; (C) atrial (NPPA) and brain natriuretic (NPPB) peptides; and (D) TGF-b1 and
VEGF-A in cWT, cN22577fs+/� , and cN22577fs� /� iPS-CMs. (E) Densitometry
of Western blots (N � 4 lanes) of pWTand pP22582fs+/� lysates, normalized
for protein loading and probed with antibodies to phosphorylated c-Jun N-

terminal kinase (JNK) (p46, p54), ERK, p38, and AKT. (F) Representative
Western blots of pWTand pP22582fs+/� iPS-CMs lysates probed for (p)-JNK
(T183/Y185), p-ERK(T202/Y204), p-p38(T180/Y182), and p-AKT(T308), as
well as total JNK, ERK, p38, and AKT. (G) Densitometry of Western blots
(N � 4 lanes) normalized to protein loading of TGF-b1-3 and VEGF. (H) Rep-
resentative lanes fromWestern blots from pWTand pP22582fs+/� iPS-CMs probed
for TGF-b1,TGF-b2,TGF-b3,VEGF, and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). (I) Mean twitch force (in micronewtons) generated by pP22582fs+/�

iPS-CMTs pretreated with 50 ng/ml VEGF (N > 4 CMTs). Significance was as-
sessed by Bayesian P values [(B) to (D)] or Student’s t test [(E), (G), and (I)];
data are means T SEM (error bars) [(E), (G), and (I)].

RESEARCH | REPORTS



well-organized functional sarcomeres. The re-
sultant sarcomere insufficiency (fig. S7) caused
both profound baseline contractile deficits and
attenuated signaling that limited cardiomyocyte
reserve in response to mechanical and adrener-
gic stress, parameters that are critical to DCM
pathogenesis. The consequences of TTN trun-
cation are markedly different from the effects
of truncating mutations in another sarcomere
protein, myosin-binding protein C (MYBPC); trun-
cation of MYBPC causes enhanced contractile
power (18). Our findings also suggest potential
therapeutic targets for TTNtvs, including strat-
egies to enhance TTN gene expression, diminish
miRNAs that inhibit sarcomerogenesis (15, 19),
or stimulate cardiomyocyte signals that improve
function (20).
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SYNTHETIC BIOLOGY

Emergent genetic oscillations in a
synthetic microbial consortium
Ye Chen,1* Jae Kyoung Kim,2,3* Andrew J. Hirning,1

Krešimir Josić,4,5 Matthew R. Bennett1,6†

A challenge of synthetic biology is the creation of cooperative microbial systems that
exhibit population-level behaviors. Such systems use cellular signaling mechanisms to
regulate gene expression across multiple cell types. We describe the construction of
a synthetic microbial consortium consisting of two distinct cell types—an “activator” strain
and a “repressor” strain. These strains produced two orthogonal cell-signaling molecules
that regulate gene expression within a synthetic circuit spanning both strains. The
two strains generated emergent, population-level oscillations only when cultured together.
Certain network topologies of the two-strain circuit were better at maintaining robust
oscillations than others. The ability to program population-level dynamics through
the genetic engineering of multiple cooperative strains points the way toward engineering
complex synthetic tissues and organs with multiple cell types.

M
ost synthetic gene circuits have been con-
structed to operatewithin single, isogenic
cellular populations (1–4). However, syn-
thetic microbial consortia could provide
a means of engineering population-level

phenotypes that are difficult to obtain with single
strains (5). Indeed, several synthetic systems have
been constructed to exhibit population-level phe-
notypes (6–9), including synthetic predator-prey
systems (10), multicellular computers (11), and
spatio-temporal pattern generators (12, 13). We
constructed two genetically distinct populations
of Escherichia coli to create a bacterial consor-
tium that exhibits robust, synchronized transcrip-
tional oscillations that are absent if either strain
is grown in isolation. Specifically, we used two
different bacterial quorum-sensing systems to
construct an “activator” strain and a “repressor”
strain that respectively increase anddecrease gene
expression in both strains. When cultured togeth-
er in a microfluidic device, the two strains form
coupled positive and negative feedback loops at
the population level, akin to the circuit topology
(i.e., how regulatory components within a circuit
regulate each other) of a synthetic dual-feedback
oscillator that operates within a single strain
(14, 15). We used a combination of mathematical
modeling and targeted genetic perturbations to
better understand the roles of circuit topology
and regulatory promoter strengths in generating
and maintaining oscillations. The dual-feedback
topology was robust to changes in promoter

strengths and fluctuations in the population ra-
tio of the two strains.
The two synthetic strains in our system were

constructed to enzymatically produce and tran-
scriptionally respond to intercellular signaling
molecules (Fig. 1A). The activator strain produces
C4–homoserine lactone (C4-HSL) (16), a signaling
molecule that increases transcription of target
geneswithin the synthetic circuits of both strains.
The repressor strain produces 3-OHC14-HSL (17),
which decreases transcription in both strains
through a synthetic transcriptional inverter (18, 19)
mediated by the repressor LacI. These two sig-
nalingmechanisms jointly create coupled positive
and negative feedback loops at the population
level when the two strains are grown together
(Fig. 1B). Additionally, each strain, when active,
produces the enzyme AiiA, which degrades both
signaling molecules, resulting in another layer of
negative feedback.
To observe the dynamics of the synthetic con-

sortium,we used a custom-designedmicrofluidic
device in conjunction with time-lapse fluores-
cence microscopy to observe the two strains as
they grew together in a small chamber in which
the diffusion time of the HSLs was small (see sup-
plementary materials) (20). Each strain contained
a gene encoding a spectrally distinct fluorescent
reporter (cfp, cyan fluorescent protein, in the ac-
tivator; yfp, yellow fluorescent protein, in the re-
pressor), driven by promoters that respond to
both positive and negative signals in the network
(Fig. 1A). After an initial transient time, synchro-
nous, in-phase oscillations emerged in the fluo-
rescent reporters of both strains (Fig. 1, C and D).
Neither strain oscillated when cultured in isola-
tion (fig. S1). Oscillations had a period of ~2 hours
and persisted throughout the experiments (usu-
ally more than 14 hours).
The circuit topology of our synthetic consor-

tium consisted of linked positive and negative
feedback loops, similar to the topologies of many
naturally occurring biological oscillators (21, 22).
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