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The role of extrinsic factors in maintaining self-renewal of
embryonic stem cells (ESCs) has been extensively studied since
the cells’ isolation, but the necessity for cell-secreted factors in
self-renewal has remained undefined to date. Although it is gen-
erally accepted that addition of leukemia inhibitory factor (LIF)
together with either serum or bone morphogenetic protein 4
(BMP4) is sufficient to maintain mouse ESCs (mESCs) in a self-
renewing state, this does not preclude the possibility that auto-
crine factors are also required. Here we make use of a microfluidic
perfusion device that is able to globally diminish diffusible auto-
crine signaling by applying continuous media flow to deplete cell-
secreted factors. We demonstrate mESC culture for several days
under continuous microfluidic perfusion and show that cell-se-
creted factors are removed and can be recovered downstream.
We find that perturbing cell-secreted signaling causes mESCs to
exit their stable self-renewing state in defined conditions that
normally support self-renewal and to exhibit properties character-
istic of epiblast cells. This state change is not due to the presence
of the known autocrine differentiation inducer fibroblast growth
factor 4, but, remarkably, it can be prevented by global remodel-
ing of the extracellular matrix (ECM). We also find that cell-se-
creted matrix remodeling proteins are removed under perfusion
and that inhibition of extracellular matrix remodeling causes
mESCs to differentiate. Taken together, our data indicate that
LIF and BMP4 are not sufficient to maintain self-renewal and that
cell-secreted factors are necessary to continuously remodel the
ECM and thereby prevent differentiation, revealing a previously
undescribed level of mESC regulation through the use of micro-
fluidic perfusion technology.

t has long been known that cell-secreted signals are required

for cellular processes such as growth, survival, differentiation,
metastasis, and apoptosis (1-5). However, the precise con-
tributions of autocrine and/or paracrine signals to a particular
process are often difficult to determine. When the cell-secreted
factors and/or receptors are known, one can use chemical or
genetic inhibition of target molecules, derivation of knockout
cell lines, or overexpression of candidate molecules and recep-
tors to study autocrine/paracrine processes. However, when the
cell-secreted factors are unknown, one is typically limited to
varying cell density and looking for density-dependent pheno-
types. Because autocrine loops can be self-sufficient even at
clonal density (6), these methods are incomplete.

Pluripotent stem cells isolated from the developing blastocyst
are well-suited for the study of cell-secreted signaling, because
extrinsic signals generated by the embryo are essential for proper
development (7, 8), and autocrine and paracrine signals are
likewise important in stem cell self-renewal (9), growth (3), and
differentiation (1, 10). Mouse embryonic stem cells (mESCs) are
pluripotent cells derived from the inner cell mass of preimplan-
tation blastocysts (11, 12), whereas mouse epiblast stem cells
(mEpiSCs) are isolated from the postimplantation epiblast (13,
14). Ciritically, these stem cells retain many features of the em-
bryonic cells from which they are derived, including responsiveness
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to autocrine and paracrine signals. Thus, understanding the auto-
crine and paracrine signaling pathways involved in pluripotency
and fate specification is crucial for enhancing our comprehension
of early embryonic fate choices and for exploiting the therapeutic
potential of these cells.

Autocrine factors involved in mESC self-renewal and differ-
entiation include leukemia inhibitory factor (LIF), which mESCs
secrete and respond to in an autocrine fashion (15, 16), and fi-
broblast growth factor 4 (FGF4), which signals through ERK1/2
to initiate a program of differentiation (1, 17). EpiSCs, on the
other hand, secrete and respond to Nodal to maintain self-re-
newal (18), whereas autocrine Activin/Nodal has been implicated
in mESC growth but not self-renewal (2). Activin also acts in an
autocrine manner for maintenance of self-renewal in human
ESCs, in cooperation with autocrine-acting FGF2 (19, 20). The
autocrine-acting self-renewal proteins LIF and Activin/Nodal are
added exogenously in mESC and mEpiSC culture media, re-
spectively, because the levels of cell-secreted factors are not
sufficient to maintain self-renewal in bulk culture.

To date, no cell-secreted factors have been shown to be nec-
essary for maintenance of self-renewal other than those that are
saturated in culture by exogenous addition. This could be be-
cause no others exist, or it could be due to the fact that even in
completely defined medium, cells have fully active autocrine/
paracrine signal production and uptake. Whereas the ESC state
has been identified as a ground state that can be maintained by
blocking signaling through ERK1/2 and glycogen synthase kinase
3 (21), it is possible that cell-secreted factors are also acting to
maintain this state. To gain further insight into the role that cell-
secreted signals play in the maintenance of the ESC state, we
have made use of a microfluidic system in which cells can be
cultured under continuous media perfusion. In these conditions,
cell-secreted diffusible molecules can be removed by flow,
establishing culture conditions in which signaling pathways are
not obscured by cell-secreted signals. With the ability to modu-
late mESC cell-secreted signaling, we show that this signaling is
necessary to maintain self-renewal of mESCs. Upon down-reg-
ulation of cell-secreted signaling, mESCs undergo a transition
into an epiblast-like state that the presence of LIF and bone
morphogenetic protein 4 (BMP4) is not sufficient to halt. Finally,
we show that perfusion removes the extracellular matrix (ECM)-
remodeling protein matrix metalloproteinase 2 (MMP2) and that
intact ECM is required for the state change to epiblast-like cells.
These results suggest that the cues emanating from the ECM are
primarily prodifferentiation, extending beyond those that act
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through the ERK1/2 signaling pathway. Together, our results
indicate that defined media with LIF and BMP4 is not sufficient
to maintain mESC self-renewal in the absence of cell-secreted
factors and that these factors specifically act to remodel ECM,
thus preventing an ECM-mediated state change into an epiblast-
like state.

Results

Cell Culture Under Perfusion with Depletion of Soluble Factors. To
remove cell-secreted proteins from the culture medium, we made
use of a microfluidic perfusion device (Fig. 14 and Fig. S1 A-D)
made from transparent, biocompatible polydimethylsiloxane,
a material commonly used for microfluidic cell culture (22) that
we have previously shown is suitable for culture of mESCs (23).
Polystyrene tissue culture slides coated with gelatin were used as
the device culture substrate, so that their substrate is identical to
that of cells grown in conventional polystyrene tissue culture
dishes (referred to as static culture throughout the text). Addi-
tionally, we provide serum-free self-renewal medium (N2B27
with added LIF and BMP4) to cells in the microfluidic devices
and to cells in static culture, so that the medium is the same in
both conditions.

Central to the use of microfluidic perfusion for our purposes
is that the flow convects away diffusible secreted factors. To de-
sign and operate a system such that fluid flow will remove mole-
cules without causing shear-related stress to the cells, we consider
the three molecular transport mechanisms that act on secreted
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Fig. 1. ESCs exit their stable state under long-term perfusion. (A) Schematic
of the microfluidic perfusion device and image of one chamber with
growing mESGs. (B) Embryoid body (EB) time course mRNA expression of
embryoid bodies made from cells previously grown in static culture (gray
solid line) or perfusion culture for 2 d (blue solid line), or perfusion culture
for 5 d (blue dashed line). Images show representative embryoid bodies on
day 5 formed from cells grown under the conditions indicated. (Scale bar,
800 pm.) (C and D) mRNA expression levels of self-renewal (C) or differen-
tiation (D) markers after 5 d in static or perfusion culture. (E) Model in-
dicating that perfusion blocks secreted factors that in turn act to maintain
the self-renewing mESC state along with LIF/BMP4. **P < 0.001, *P < 0.05 for
pairwise comparisons; all data represent averages of at least three in-
dependent experiments, and error bars represent SD.
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molecules, namely convection, diffusion, and reaction (i.e., ligand
binding to receptor). For molecules to be removed, convection
must dominate over reaction and diffusion. To compare the im-
portance of the different transport mechanisms, we make use of
established nondimensional parameters (SI Discussion, Fluid
Transport Qualitative Model). We find that the Peclet number Pe,
which determines the balance between convection and diffusion,
is ~37 in our system, where Pe > 1 indicates a convection-domi-
nated regime. To assess the relative contributions of convection
and reaction, we examine the ratio of the Peclet number and the
Damkohler number Da, the latter of which compares rates of
reaction vs. diffusion. The resulting Pe/Da ratio compares con-
vection to reaction and is ~1,500, indicating that convection
dominates over reaction as well. Together, these calculations
suggest that secreted proteins that detach from the cell surface
will be convected away and not recaptured. Using these transport
parameters, the shear at the culture surface is ~0.007 dynes/cmz,
two orders of magnitude lower than what is considered low fluid
shear stress for cells (24), and much lower than shears present
in bioreactors in which ESCs can be grown indefinitely without
any effects on self-renewal properties (25, 26). In addition, our
chamber height (250 pm) was chosen to be substantially higher
than the colony heights (55 pm) to minimize the effects of cell
or colony height or morphology on flow patterns (SI Discussion,
Lffects of Colonies on Fluid Flow).

The theoretical predictions regarding removal of secreted
factors were experimentally verified by collecting VEGF, which
is known to be secreted by mESCs (27). We were indeed able to
measure secreted VEGF (Fig. S24), and interestingly, found that
cells under perfusion showed an almost 10-fold higher amount of
VEGTF collected after 30 h of culture than those in static, in both
differentiation (N2B27) and self-renewal (N2B27+LIF+BMP4)
medium. The increased VEGF collected from cells under per-
fusion is consistent with autocrine systems in which the binding
of ligand to receptor is blocked (28). In these systems, in which
secreted ligand can be recaptured by its receptor, blocking that
capture [via blocking antibody/small molecule (29), or in this
case, by flow] causes more ligand per cell to be delivered into the
bulk media and recovered. These results verify removal and
downstream recovery of secreted molecules in this system.

During culture of mESCs under microfluidic perfusion in se-
rum-free self-renewal conditions for up to 3 d, we found that cells
grew with normal morphology and proliferation rates (Figs. S1C
and 2B) and that expression of the early differentiation markers
Brachyury and FGF5 was not altered compared with static self-
renewal cultures (Fig. S2C), whereas those markers did increase
in static differentiation conditions (N2B27 alone; Fig. S2C; all
primers listed in Table S1). Day-two perfusion cells subsequently
differentiated using embryoid bodies (Fig. S2D) showed similar
expression kinetics for markers from all three lineages [Brachyury
for mesoderm, Alpha-fetoprotein (AFP) for endoderm, Sox1 and
Nestin for ectoderm] compared with cells cultured in static con-
ditions (Fig. 1B), indicating that acute perfusion does not mark-
edly alter differentiation potential. Nanog levels decreased by
day 3 under perfusion compared with static, although they did not
decrease to levels seen in static differentiation conditions (Fig.
S2C). Thus, we show that diffusible signaling can be minimized
in this system and that cells under perfusion predominantly re-
semble self-renewing mESCs.

Cells Under Perfusion Transition out of the Stable ESC State. Upon
continued culture under perfusion, growth stagnated such that by
day 5, less substrate surface area was covered by cells and colony
size was smaller, and differentiated-looking cells were more
numerous (Figs. S1D and S2 B and E). When we examined the
expression of key pluripotency genes in cells that were cultured
for 5 d under perfusion in the presence of LIF and BMP4, we
found that KiIf4 and Rexl were down-regulated, along with
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a further down-regulation of Nanog levels (Fig. 1C), and that
Brachyury and FGFS, which had been unaffected after 3 d of
culture (Fig. S2C), were dramatically up-regulated, along with
the differentiation marker Dnmt3b (Fig. 1D). Oct4 and Sox2
mRNA levels did not change (Fig. 1C), indicating that the cells
still expressed some elements of the core stem cell transcription
network. A similar expression pattern was seen between static
and perfusion cultures with cells grown in static N2B27+2i/LIF
media (Fig. S2F), indicating that the perfusion phenotype is not
a result of activation or block of specific signaling pathways. The
differentiation potential of cells grown under perfusion in the
presence of LIF and BMP4 was also altered: embryoid bodies
formed with slightly abnormal morphology (Fig. 1B) and had
increased expression of the ectoderm differentiation markers
Sox1 and Nestin compared with cells grown in static conditions
(Fig. 1B). We did not observe any apparent heterogeneity in
Oct4 protein levels or cell number along the length of the
chamber (Fig. S3 4 and B), suggesting that observed differences
in phenotype are not simply due to spatially varying differenti-
ation in the flow field. Additionally, it is unlikely that the phe-
notypic changes observed under perfusion were due to selection
of a specific cell population, because there was no massive cell
death during the culture period, the low shear rates present in
our system are >1,000-fold below those known to cause ESC
detachment (26), and we recovered $600 cells released from all
chambers over 5 d, which is <2% of the number of cells present
in the chambers on day 5 (Fig. S3C).

To ensure that the changes observed under perfusion were
indeed due to removal of secreted factors, several control per-
fusions were performed. Increasing the LIF concentration five-
fold did not restore Nanog levels (Fig. S3D), suggesting that local
concentration effects due to the perfusion transport environment
are not the cause of the observed changes, whereas cells grown in
the presence of cell-conditioned serum-containing media under
perfusion did see restoration of Nanog to levels seen in static
serum-containing culture (Fig. S3E). Cells grown in a micro-
device using a small-volume recirculating-loop system in which
cells were fed with the media collected under perfusion had
marker expression similar to that in cells grown in static cultures,
as did cells grown using defined feeding intervals (Fig. S3F, recirc
loop perf and pulse perf, respectively). Thus, approximating the
soluble microenvironment of static culture by allowing cells to
condition the media generates a phenotype similar to the static
phenotype, but in a system that includes microculture and shear.
Conversely, cells grown at a fourfold lower perfusion rate (and
thus fourfold lower shear) did not show any substantial differ-
ences compared with cells grown at our normal perfusion rate
(Fig. S3F, perf 25ul/h). Thus, lowering the shear but maintaining
a convection-dominated microenvironment does not substantially
change phenotype, consistent with transport rather than shear
being dominant. Together, these results further indicate that
neither the microculture itself nor shear are artifactually altering
the observed phenotype.

These results indicate that depleting cell-secreted signals does
not allow mESCs to maintain their self-renewal program even in
the presence of LIF and BMP4 (Fig. 1E), a finding that moti-
vated further study into the nature of the cells that arise out of an
environment with minimal cell-secreted signaling and the mech-
anism behind this transition.

Down-Regulation of Cell-Secreted Signals Drives ESCs Toward an
Epiblast-Like Cell State. Because mouse epiblast cells and the re-
lated EpiSCs express Oct4 and Sox2, have low levels of Klf4 and
Rex1 and high levels of Brachyury and FGFS, and are pluripo-
tent (13, 14, 30), we examined whether cells under perfusion,
which have a comparable expression pattern, were similar to
epiblast cells. Using a quantitative RT-PCR array, we analyzed
expression of relevant markers over time in static and perfused
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self-renewal cultures (Fig. S4 and Table S2). Among the most
highly altered genes in cells grown under perfusion, we found
many postimplantation markers indicative of epiblast (Fig. 24),
including FGF5 (31), Brachyury (T) (14), Leftyl (30), and
Dnmt3b (32), which increased relative to static, and the ESC
markers Gbx2 and Cd9, which decreased (14, 33). Further
growth (7 d) under perfusion resulted in increased expression of
epiblast markers, including Eomes, Sox17, Leftyl, and Gata6
(14) (Fig. S54), suggesting entrance into a stable epiblast-like
state. We found that cells grown under perfusion for 5 d were
fairly homogeneous in terms of self-renewal markers, because
flow cytometry histograms for Oct4, Sox2, and Nanog were pri-
marily unimodal (Fig. S5B). To further examine whether the
cells grown under perfusion are undergoing nonspecific differ-
entiation, we compared gene expression in perfused cells with
expression in cells undergoing undirected differentiation in em-
bryoid body culture and with expression in mESCs cultured in
conditions that induce an EpiSC-like state [culture in the pres-
ence of Activin and FGF2 (34)] from days 3 to 7 of culture. We
observed higher expression of genes associated with mesen-
doderm differentiation in embryoid bodies compared with either
EpiSC-like cells or cells grown under perfusion, where these
genes were expressed at low levels at both day 5 and day 7 (Fig.
S5C). This signifies a lack of indiscriminate differentiation in
cells with minimal cell-secreted signaling and instead indicates
a more directed differentiation pathway, providing further evi-
dence for exit from the ESC state toward a state that closely
resembles an epiblast-like state.
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Fig. 2. An epiblast-like state is attained upon cell-secreted factor removal.
(A) mRNA expression levels of markers from a quantitative PCR array that
changed expression more than twofold on day 5 under perfusion compared
with day 5 in static conditions. (B) Flow cytometry histogram depicting
Nanog protein levels in the presence or absence of Activin (A). Inset: Per-
centage of cells in the M1 range. (C) Self-renewal marker expression for cells
cultured for 5 d in N2B27+LB in the presence or absence of Activin (A). (D)
Schematic explaining experiment depicted in E, in which cells were grown in
static or perfusion in N2B27+LB with or without Activin (A) for 5 d, then
replated into either ESC (LB, solid lines) or EpiSC [Activin + FGF2 (AF), dotted
lines] static culture conditions for 4 d. (E) Fold increase in growth of cells
from conditions in D upon replating. (F) Images of representative colonies
from replating into EpiSC medium, replated from indicated conditions,
taken on day 3 after replating. (Scale bar, 200 pm.) **P < 0.001, *P < 0.05 for
pairwise comparisons; all data represent averages of at least three in-
dependent experiments, and error bars represent SD.
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This transition that occurs under perfusion is surprising given
that LIF and BMP4 are still present in the culture medium,
because their presence has previously been shown to be sufficient
to maintain mESC self-renewal (35). Indeed, we found that mild
induction of the EpiSC-like state using Activin and FGF2 did not
alter marker expression in static culture when in the presence of
LIF and BMP4 (Fig. S5D). Thus, in conventional culture sys-
tems, ESCs are able to withstand state change cues as long as
LIF and BMP4 are present, whereas these molecules do not have
the same effect under perfusion, indicating a lack of sufficiency.

One notable difference seen in cells under perfusion com-
pared with EpiSCs is lower Nanog expression levels. Although
Nanog is required for the maintenance of pluripotency in mESCs
(36) and EpiSCs (18), the upstream regulation occurs by dif-
ferent processes. In the ESC state, LIF activates Stat3 to up-
regulate KIf4 and Nanog and inhibit expression of FGF5 (37). In
EpiSCs, however, Stat3 is still responsive to LIF, but cells are not
dependent on that pathway for self-renewal (14, 38); instead,
Activin is required to up-regulate Nanog through Smad2/3 sig-
naling (18). We found that cells cultured in perfusion maintained
the ability to activate Stat3 by Y705 phosphorylation in response
to LIF (Fig. S5E) but without up-regulation of downstream self-
renewal genes (Fig. 1C). However, addition of Activin under
perfusion causes cells to up-regulate Nanog protein and mRNA
levels (Fig. 2 B and C), indicating a shift from an LIF-dependent
ESC state to an Activin-responsive epiblast-like cell state. Acti-
vin supplementation under perfusion did not up-regulate Rex1
and KlIf4 (Fig. 2C), other downstream targets of Stat3, implying
that Activin supplementation does not revert perfusion cultures
back to an ESC state, nor does it broadly alter marker expression
in static cultures (Fig. S5F).

To test whether addition of Activin under perfusion is able to
stabilize a self-renewing state that is more epiblast-like than
ESC-like, we replated cells after culture with or without added
Activin into either ESC or EpiSC static self-renewal medium
(Fig. 2D). Only cells grown under perfusion with added Activin
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were able to be replated and grown, and these cells grew best in
EpiSC conditions and showed EpiSC-like colony morphology
(Fig. 2 E and F). The same did not hold true for cells that had
been grown in static with added Activin; instead, cells grown in
static were only able to proliferate after being replated in ESC
medium (Fig. 2E), indicating that culture in the microdevice
primes cells to be receptive to Activin supplementation for
maintenance of self-renewal. Cells grown under perfusion were
also unable to replate and grow in N2B27+2i/LIF minimal self-
renewal media (Fig. S5G), another characteristic that these cells
share with epiblast cells (34). Together, our results demonstrate
that a lack of diffusible signaling causes mESCs to leave their
stable self-renewing state and enter a more epiblast-like state
that is characterized by the expected marker expression profiles
as well as the appropriate downstream signaling responses and
state stabilization resulting from addition of Activin. However,
because several self-renewing multi- or pluripotent epiblast-like
states have been identified (14, 39, 40), the precise identity of the
cells with reduced soluble signaling is not known.

Extracellular Matrix Remodeling Prevents the Transition out of the
mESC State. Spontaneous differentiation of ESCs is often attrib-
uted to cell-secreted factors, the primary example being auto-
crine/paracrine FGF4 signaling through the ERK1/2 pathway (1,
17). Although cell-secreted FGF4 is likely removed under per-
fusion, we sought to determine whether ERK signaling was still
active under perfusion and thereby mediating the observed
changes, because LIF is known to activate ERK in a context-
dependent manner (41). Adding the potent MAP kinase/ERK
kinase (MEK) inhibitor PD0325901 (PD03) under perfusion was
effective at inhibiting active ERK (Fig. 34), but it did not cause
an up-regulation of self-renewal genes under perfusion, whereas
it was effective in up-regulating these genes in static cultures
(Fig. 3B), as previously reported (21). In addition, PD03 did not
decrease differentiation marker expression to the level of static
controls (Fig. S6A4). The fact that inhibition of downstream
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Fig. 3. Globally disrupting the ECM blocks state change. (A) Fluorescent images of cells grown in perfused culture in N2B27+LB with and without the MEK
inhibitor PD0325901 (PDO03), stained for phosphorylated ERK1/2 (red) and counterstained with DAPI (blue). (Scale bar, 100 pm.) (B) Expression levels of self-
renewal markers after growth in static or perfusion self-renewal culture in the presence or absence of PD03. (C) Immunofluorescence staining for sulfated
heparan after 5 d of growth in the presence or absence of sodium chlorate. (Scale bar, 100 pm.) (D) Representative morphology of cells grown in static or
perfusion self-renewal with or without sodium chlorate (+/-SC). (Scale bar, 200 um.) (E and F) mRNA expression levels of self-renewal (F) and differentiation
(F) markers in the presence and absence of sodium chlorate with or without the addition of soluble heparin in static or perfusion self-renewal. (G) Model
depicting two modes of exit from self-renewal, the lower of which was revealed on the basis of perfusion experiments. (H) Secreted protein levels of MMP2 in
static and perfusion culture over 5 d, analyzed by ELISA. (/) Cells grown with or without the MMP inhibitor Ro32-3555 for multiple passages. (Scale bar, 400
um.) (J) Relative Nanog mRNA expression levels of cells grown for 5 d in Ro32-3555 or DMSO. **P < 0.001, *P < 0.05; *P < 0.05, #P < 0.001 for all pairwise
comparisons; all data represent averages of at least three independent experiments, and error bars represent SD.
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pathways does not affect the cells under perfusion further con-
firms an upstream removal of cell-secreted signals and shows that
the transition out of the ESC state seen under perfusion is not
a result of signaling through the MEK/ERK pathway.

Because the ECM has been implicated in contributing to
spontaneous differentiation by binding of cell-secreted factors
(42), we sought to assess the contribution of the ECM in the
phenotype seen under perfusion. We initially used sodium
chlorate, a sulfation inhibitor that blocks the ability of most
proteoglycans to act as protein tethers or reservoirs within the
ECM (43). Sodium chlorate is able to remove sulfated heparan
chains (Fig. 3C), and, similar to previous reports, disruption of
heparan sulfation in static culture decreased spontaneous dif-
ferentiation, up-regulated Nanog, and decreased FGF5 (Fig. 3
D-F). Intriguingly, under perfusion, addition of sodium chlorate
enhanced mESC-like morphology, up-regulated self-renewal
markers, and down-regulated differentiation markers compared
with cells grown under perfusion without sodium chlorate (Fig. 3
D-F). Further, adding soluble heparin along with sodium chlo-
rate reduced self-renewal markers to the levels seen under base-
line perfusion conditions (Fig. 3E), confirming that the pheno-
typic changes caused by sodium chlorate were due to the loss of
the heparan sulfate binding function. Adding low concentrations
of collagenase to disrupt the ECM produced a phenotype similar
to that resulting from the addition of sodium chlorate (Fig. S6B).
Thus, broadly disrupting the ECM by either small molecule or
enzyme addition under perfusion allows ESCs to maintain their
self-renewing state, whereas functional recovery of ECM protein
binding causes cells under perfusion to exit this state, indicating
the importance of ECM disruption in mESC self-renewal. This
implies that ECM-based factors are responsible for an exit from
self-renewal, whereas ECM disruption acts to remove these
factors (Fig. 3G).

The MMP family of proteins includes endogenously secreted
molecules responsible for remodeling and curating the ECM
(44). Because the exit from the ESC state seen under perfusion is
related to the presence of the intact ECM, it is possible that
a removal of MMPs under perfusion is responsible. Indeed,
MMPs are known to be secreted by mESCs (27), and we are able
to recover MMP2 from perfused cells (Fig. 3H), illustrating that
it is being removed by flow. Relative levels of MMP2 protein
from static and perfusion were comparable to transcript levels
(Fig. S6C). To assess the necessity for MMPs in static culture, we
examined whether blocking endogenous remodeling proteins in
static culture would also affect ESC self-renewal. We found that
ESCs cannot be cultured for multiple passages in conditions
under which MMPs are inhibited by the MMP inhibitor Ro32-
3555. After two passages in the presence of this inhibitor, cells
grew poorly and differentiated (Fig. 37) and were no longer viable
by passage 3. Cells that were seeded in self-renewal media with
Ro032-3555 added after attachment showed a decrease in Nanog
expression levels after 5 d (Fig. 3/), indicating that the inhibitor is
not merely causing an exit from self-renewal by altering attach-
ment or growth. Together, these results indicate that matrix
remodeling is critical in maintaining the mESC state and that re-
moval of cell-secreted factors means that matrix remodeling can-
not occur properly, thus inducing exit from the self-renewing state.

Discussion

By using microfluidic perfusion to continuously remove mESC
cell-secreted factors, we show that a global reduction of cell-
secreted signals drives cells out of self-renewal and toward
a defined lineage that closely resembles the epiblast state.
Strikingly, this occurs even in the presence of LIF and BMP4,
which had previously been shown to be sufficient to maintain
self-renewal in static culture. We further show that this result is
due to the continued presence of the intact ECM, the constant
remodeling of which is necessary to retain mESC self-renewal.
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Combining these results, a model arises in which, in addition
to the known pro-self-renewal LIF/BMP4 signals and the pro-
differentiation FGF4-ERK autocrine stimulus, there also exist
ECM-bound factors that initiate an exit from mESC self-re-
newal. In normal cultures, matrix remodeling is constantly oc-
curring to remove these prodifferentiation factors. However,
under perfusion, the secreted factors that are responsible for
remodeling are removed such that ECM turnover does not occur
and mESCs are cued by the ECM-bound prodifferentiation
factors to exit their naive self-renewing state (Fig. 4). These
results emphasize the power of microfluidic perfusion in uncov-
ering previously unknown roles for cell-secreted signals. This
robust method can be broadly applied to other cell types to test
hypotheses based on the effects of cell-secreted signals or the
roles and contributions of ECM-based signals.

It is currently thought that mESCs grown in self-renewing
culture conditions exist with some level of heterogeneity due to
spontaneous conversion between a naive ESC state and a more
primed epiblast-like state (45, 46). In serum-free N2B27+LIF
+BMP4 media, this interconversion is thought to be a result of
the opposing actions of LIF and BMP4 signaling vs. autocrine/
paracrine FGF4-ERK signaling (47). Thus, blocking FGF4-ERK
signaling in static cultures pushes cells toward the naive ESC
state, as does inhibiting heparan sulfation, because sulfation is
necessary for FGF4 signaling, consistent with our results. How-
ever, if FGF4 was the primary cell-secreted stimulus acting in
ESCs, one would expect global down-regulation of cell-secreted
signaling to have an effect similar to ERK inhibition, maintaining
ESCs in a more naive state. However, surprisingly, we find that
minimal cell-secreted signaling causes ESCs to instead be pushed
in the opposite direction, toward a more primed epiblast-like state.

Critically, this transition out of the ESC state occurs in the
presence of LIF and BMP4 or 2i/LIF, indicating a lack of suffi-
ciency for these self-renewal factors, and thus a requirement for
an additional pathway involved in ESC maintenance. This
pathway pushes ESCs away from their naive state and is normally
blocked in static culture by cell-secreted factors. By showing that
this pathway is blocked under perfusion by broadly disrupting the
ECM, we implicate matrix remodeling as a crucially important
process in removing differentiation-inducing proteins from the
ESC microenvironment to maintain self-renewal and show that
the presence of LIF and BMP4 and a matrix remodeler is suf-
ficient for this maintenance.

An important class of endogenous cell-secreted ECM
remodelers is the MMP family, and indeed, their inhibition in
static culture causes mESC differentiation. Although various
components of the ECM have been shown to play a role in en-
hancing or inhibiting ESC self-renewal (42, 48-50), we demon-
strate the importance of ECM remodeling on maintenance of
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Fig. 4. Model depicting the signaling processes involved in maintenance of
self-renewal in mESCs and exit from that state. Transitions between the
stable LIF-Stat3-dependent naive ESC state (Left) and the Activin-dependent
primed epiblast-like state (Right) are dependent on a balance between LIF/
BMP4 vs. FGF4-ERK signaling. Signals emanating from the ECM, which are
obscured in static culture by matrix remodeling but uncovered by perfusion,
stimulate the transition to a more primed epiblast-like cell state.
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self-renewal. Thus, our evidence points to the presence of an
important but previously undescribed pathway that is sufficient
to maintain ESC self-renewal in conjunction with LIF and BMP4
in the absence of other cell-secreted signals.

Materials and Methods

Cell Culture. Mouse ESCs [CCE, ABJ1 (51), and Sox2-GFP lines] were routinely
cultured in medium consisting of DMEM supplemented with 15% defined
FBS (HyClone), 4 mM L-glutamine, 1 mM nonessential amino acids, 1x pen-
icillin-streptomycin, 100 pM B-mercaptoethanol (Sigma), and 10 ng/mL LIF
(ESGRO, Chemicon). All cell culture reagents were from Invitrogen unless
otherwise noted. Cells were grown at 37 °C in a humidified incubator with
7.5% CO,. For experiments, cells were plated at a density of 1.25 x 10 cells/
cm? into gelatin-coated wells or seeded into a gelatin-coated perfusion
device. For serum-free culture, N2B27 medium with 10 ng/mL LIF and 10 ng/
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mL BMP-4 (R&D Systems) was used (35). For 2i/LIF culture, CHIR99021,
PD0325901, and LIF were added to N2B27 media.

Perfusion Culture Device. The microdevice consists of six 1.25 mm x 13 mm x
250 pm (width x length x height) chambers, with two separate media inputs
and dual addressability. ESCs were loaded into the device, which was then
placed in a humidified incubator, and perfusion was initiated once the cells
were firmly attached to the surface (~24 h). Perfusion was run continuously
at 0.1 mL/h, unless otherwise noted.
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