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Life is complex
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Minimal modeling approach
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Can cells sense better together 
than they can alone? 

How?



Figure 3. Progenitor Contribution in Two-Color Outgrowths
Representative two-color outgrowths from MECs were separately transduced with either HIV-H2BmRFP (40% infected) or HIV-Zsgreen (46% infected) and

mixed at a 1:1 ratio. Pooled MECs were transplanted at nonlimiting dilution, and outgrowths were harvested from either (A–E) virgin or (F–H) late-pregnant

recipient mice.

(A and B) An outgrowth with ducts containing highly intermixed red and green fluorescent cells at (A) low and (B) high magnification.

(C) An example of a predominantly green fluorescent duct with clusters of red fluorescent cells (arrows).

(D) An example of a duct with three different fluorescent patterns; intermixed (arrowheads), predominantly red (large arrow), and monochromatic red (small

arrow).

(E) A high-magnification confocal image of a duct showing the level of cellular heterogeneity. Nuclei were stained with DAPI (blue).

(F) Low magnification image of lobuloalveoli.

(G) An example of predominantly red fluorescent lobuloalveoli with some green fluorescent cells (arrows).
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(FigureS3C;MovieS15),andSca-1-EGFP(FigureS3D;Movie
S16).TheeffectofROCKinhibitionwasacute,withchanges
inMEcoverageandLEorganizationobservablewithin12hr.
Amajorquestionwasthedegreetowhichtheabnormalarchitec-
tureoftheLErelatedtothelossofMEcoverage(Figures6B
and6C).

MEcellsappeartoplayarestrainingroleinnormalorganoids
andseemtolimitandpatternLEmobility(Figures2A–2B00;
MoviesS4andS5).WeexaminedtheacuteeffectsofROCKin-
hibitiononMEbehaviorbyfilminginparallelcontrolandROCK
inhibitor-treatedorganoidsfromthesameK14-GFP-actin+
mouse1hrafterROCKinhibition(Figures6Land6M;Movies
S11andS12).Incontrolorganoids,ductsinitiatedthrough
gapsinMEcoverage,elongatedthroughthecombinedmotility
ofLEcellsandMEcells,andrevertedtoabilayeredarchitecture.
Conversely,inROCK-inhibitedorganoids,MEcellsquickly
changedshape,andtheirmotilityhadlittlerelationshiptothe
vigorousgrowthofthelargelyLEorganoid.

WenextsoughttodistinguishwhetherLEbehaviorwasal-
teredinROCK-inhibitedorganoids,byusingGFPreporters
thathighlightedLEbehavior.Incontrolorganoids,LEcellsre-
arrangevigorouslyinthemultilayeredendsofducts,butthey
aremorerestrainedinthetrailingductregion(Figure4).In
ROCK-inhibitedorganoids,LEcellsrearrangedvigorously

Figure4.DuctalElongationOccurswithout
Forward-OrientedActinProtrusionsina
Rearranging,MultilayeredCellPopulation
(A)Schematicofpossiblecellularmechanismsof

ductalelongation.

(A0)Framesfromatime-lapsemovieshowing

multilayeredepithelialelongationinaSca-1-

EGFP/CellTrackerRed-labeledorganoid(Movies

S7andS8).

(B)PossiblelocalizationsofF-actininelongating

ducts.

(B0–B000)F-actinandnuclearlocalizationinarepre-

sentativeelongatingduct.

(B0000)F-actincolocalizeswithzonaoccludens1

(ZO-1)alongluminalsurfaces.

(C)Thecellsattheelongationfrontcouldbecon-

stant(cellidentity)orchanging(cellbehavior).

(C0)Framesfromatime-lapsemovieshowing

cellrearrangementduringductalelongationina

Sca-1-EGFP/CellTrackerRed-labeledorganoid.

(C00)Schematicviewofthemoviein(C0);individual

cellsarehighlighted.Theredcellshiftsoutof

planetothebacksurfaceofthelumen.

AllimagesarefromFGF2-treatedorganoids.

Scalebarsare20mm.

throughoutthemultilayeredepithelium
(Sca-1-EGFP,FigureS3D;MovieS16;
b-actin-EGFP,FigureS3;MovieS15).
Takentogether,thesefindingsdemon-
stratethatROCKinhibitioninduces
acutechangesinLEandMEcellshape
andcellbehavior,abnormalepithelialar-
chitecture,andcollapseofthelumen.
ROCKinhibitionresultsinahyper-
branchedepitheliumwithdisorganized

MEcoverageandpreventsrestorationofbilayeredepithelialar-
chitecture.

NormalandNeoplasticMammaryEpithelial
MorphogenesisInVivoOccursviaaMultilayered
EpithelialState
Doesthemultilayeredepitheliumweobserveincultureresemble
theinvivoepithelialorganizationofmammaryductsduring
morphogenesis?Weselectedtwoexamplesofinvivoepithelial
morphogenesis:(1)TEBsduringnormalpubertalmorphogenesis
and(2)hyperplasiasfromapathologicallyvalidatedmouse
modelofluminal-typebreastcancer(Herschkowitzetal.,2007;
Linetal.,2003),inwhichpolyomavirusmiddleToncogeneis
expressedunderthecontrolofthemousemammarytumorvirus
promoter(MMTV-PymT)(Guyetal.,1992).

WefirstcomparedTEBsandquiescentductsduringnormal
morphogenesisinvivotothemultilayeredepithelialorganization
ofelongatingductsinculture(FigureS1).TEBsweremulti-
layeredandwereenclosedinalayerofSMA+capcells.Inthe
multilayeredbodycellregionofTEBs,b-catenin,APKC-z,and
b1-integrinalllocalizedtolateralcellsurfaces.ZO-1localized
apically,butlargelytofinger-likeprojectionsandisolated
pocketswithinthemultilayeredbodycellregion.Thelumensof
quiescentductsinvivoweresimpleandwerelinedbyasingle
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tumor. To study collective invasion, we cultured tumor organo-
ids in 3D collagen I gels, a model for the microenvironment
surrounding invasive breast cancers (Conklin et al., 2011;
Nguyen-Ngoc et al., 2012; Paszek et al., 2005; Provenzano
et al., 2008; Wolf et al., 2009).

We first characterized invasion in organoids derived from a
genetically engineered mouse model of breast cancer in which
the mouse mammary tumor virus long terminal repeat drives
expression of the polyoma virus middle T oncogene (MMTV-
PyMT) (Guy et al., 1992a). MMTV-PyMT mice develop highly
invasive mammary tumors that metastasize spontaneously to
the lung (Lin et al., 2003). By gene expression profiles, MMTV-
PyMT tumors cluster with the aggressive luminal B subtype of
human breast cancer (Herschkowitz et al., 2007). Tumor organo-
ids isolated from this model progressively extended multicellular
strands of cancer cells into the collagen I over 48–72 hr (Figure 1B
and Movie S1 available online). Because the cells leading these
invasive strands were highly protrusive and migratory, we refer to
them as ‘‘invasive leader cells’’ (Figure 1B, right).
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Figure 1. Leaders Cells Are Molecularly
Distinct and Express Basal Epithelial
Markers in a Luminal Mammary Carcinoma
Model
(A) Schema of a leader cell assay. The primary

tumor is digested to tumor organoids, each

composed of 200–1,000 adherent tumor cells, and

embedded in 3D collagen I matrix.

(B) Time-lapse DIC microscopy of a MMTV-PyMT

mouse mammary tumor organoid embedded in

collagen I. Collectively migrating cells emerge

from the tumor organoid. Protrusive leader cells

are readily identified at the front of these invasive

strands. See also Movie S1.

(C–F) Leader cells stained with K14 and phalloidin

(C), p63, K14 and DAPI (D), P-cadherin (Pcad),

K14, and phalloidin (E) or K5 and phalloidin (F).

(G) Frequency of leader cells expressing K14, p63,

K5, K8, K18, E-cadherin (Ecad), SMA, and CNN1 in

MMTV-PyMT tumor organoids. 95% confidence

intervals for each proportion are denoted in

parentheses.

Scale bars, 50 mm in (B) and 20 mm in (C–F). See

also Figure S1.

Invasive Leader Cells Are
Molecularly Distinct and Express
Basal Epithelial Markers
We were able to determine the molecular
phenotype of invasive leader cells unam-
biguously due to their position at the front
of invasive strands and their distinct pro-
trusive morphology. Our analysis defined
four molecular features of leader cells in
this luminal mouse model. First, leader
cells preferentially expressed multiple
basal epithelial markers, including
cytokeratin-14 (K14), p63, P-cadherin,
and cytokeratin-5 (K5) (Figures 1C–1G).
Among these markers, K14 was the

most frequently associated with leader cells (94% of leaders,
n = 1,523 leaders, from 10 mice, CI [93%–95%]). Second, leader
cells coexpressed markers of luminal epithelium, including K8,
K18, and E-cadherin (Figures 1G and S1A–S1C). However,
whereas basal markers were preferentially expressed in leader
cells, K8 and E-cadherin also strongly stained the noninvasive
K14! core of cells within the tumor organoid (Figures S1A and
S1C). Third, leader cells typically did not express markers of
smooth muscle contractility, such as SMA, MYH11, and CNN1
(Figures 1G, and S1D, and S1E) and did not contract in response
to the hormone oxytocin, which induces smooth muscle
contractility (Figures S1F and S1G). Because the smooth muscle
program is a defining feature of myoepithelial cells in the normal
mammary gland, we conclude that invasive leader cells are
distinct from myoepithelial cells. Fourth, leader cells did not typi-
cally express Twist, Slug, or vimentin (Figure S1H), which are
common markers of a molecular epithelial-mesenchymal transi-
tion (EMT). Finally, leader cells retained membrane localized
E-cadherin at sites of cell-cell contact with follower cells
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PHYSICS OF CHEMORECEPTION

HOWARD C. BERG AND EDWARD M. PURCELL, Department ofMolecular,
Cellular, and Developmental Biology, University ofColorado, Boulder,
Colorado 80309 and the Department of Physics, Harvard University,
Cambridge, Massachusetts 02138 U.S.A.

ABSTRACT Statistical fluctuations limit the precision with which a microorganism can,
in a given time T, determine the concentration of a chemoattractant in the surround-
ing medium. The best a cell can do is to monitor continually the state of occupation
of receptors distributed over its surface. For nearly optimum performance only a
small fraction of the surface need be specifically adsorbing. The probability that a
molecule that has collided with the cell will find a receptor is Ns/(Ns + wa), if N
receptors, each with a binding site of radius s, are evenly distributed over a cell of
radius a. There is ample room for many independent systems of specific receptors.
The adsorption rate for molecules of moderate size cannot be significantly enhanced
by motion of the cell or by stirring of the medium by the cell. The least fractional
error attainable in the determination of a concentration c is approximately
(ThaD)-/2, where D is the diffusion constant of the attractant. The number of
specific receptors needed to attain such precision is about a/s. Data on bacteriophage
adsorption, bacterial chemotaxis, and chemotaxis in a cellular slime mold are evalu-
ated. The chemotactic sensitivity of Escherichia coli approaches that of the cell of
optimum design.

INTRODUCTION

In the world of a cell as small as a bacterium, transport of molecules is effected by
diffusion, rather than bulk flow; movement is resisted by viscosity, not inertia; the
energy of thermal fluctuation, kT, is large enough to perturb the cell's motion. In
these circumstances, what are the physical limitations on the cell's ability to sense and
respond to changes in its environment? What, for example, is the smallest change in
concentration of a chemical attractant that a bacterium could be expected to measure
reliably in a given time? We begin our analysis by reviewing some relevant features
of diffusive transport and low Reynolds number mechanics. This will lead to certain
conclusions about selective acquisition of material by a cell and how this acquisition
may be influenced by the cell's movement. We then develop a theory of the signal-to-
noise relation for measurement of concentration by a cell with specific receptors,
discuss its implications for chemotactic behavior, and compare theory with experi-
ment.

DIFFUSIVE INTAKE

Consider a spherical cell of radius a immersed in an unbounded medium. The
medium contains in low concentration some molecules of species X with diffusion
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PHYSICS OF CHEMORECEPTION

HOWARD C. BERG AND EDWARD M. PURCELL, Department ofMolecular,
Cellular, and Developmental Biology, University ofColorado, Boulder,
Colorado 80309 and the Department of Physics, Harvard University,
Cambridge, Massachusetts 02138 U.S.A.

ABSTRACT Statistical fluctuations limit the precision with which a microorganism can,
in a given time T, determine the concentration of a chemoattractant in the surround-
ing medium. The best a cell can do is to monitor continually the state of occupation
of receptors distributed over its surface. For nearly optimum performance only a
small fraction of the surface need be specifically adsorbing. The probability that a
molecule that has collided with the cell will find a receptor is Ns/(Ns + wa), if N
receptors, each with a binding site of radius s, are evenly distributed over a cell of
radius a. There is ample room for many independent systems of specific receptors.
The adsorption rate for molecules of moderate size cannot be significantly enhanced
by motion of the cell or by stirring of the medium by the cell. The least fractional
error attainable in the determination of a concentration c is approximately
(ThaD)-/2, where D is the diffusion constant of the attractant. The number of
specific receptors needed to attain such precision is about a/s. Data on bacteriophage
adsorption, bacterial chemotaxis, and chemotaxis in a cellular slime mold are evalu-
ated. The chemotactic sensitivity of Escherichia coli approaches that of the cell of
optimum design.

INTRODUCTION

In the world of a cell as small as a bacterium, transport of molecules is effected by
diffusion, rather than bulk flow; movement is resisted by viscosity, not inertia; the
energy of thermal fluctuation, kT, is large enough to perturb the cell's motion. In
these circumstances, what are the physical limitations on the cell's ability to sense and
respond to changes in its environment? What, for example, is the smallest change in
concentration of a chemical attractant that a bacterium could be expected to measure
reliably in a given time? We begin our analysis by reviewing some relevant features
of diffusive transport and low Reynolds number mechanics. This will lead to certain
conclusions about selective acquisition of material by a cell and how this acquisition
may be influenced by the cell's movement. We then develop a theory of the signal-to-
noise relation for measurement of concentration by a cell with specific receptors,
discuss its implications for chemotactic behavior, and compare theory with experi-
ment.

DIFFUSIVE INTAKE

Consider a spherical cell of radius a immersed in an unbounded medium. The
medium contains in low concentration some molecules of species X with diffusion
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Difference in molecule numbers:

Relative error in gradient sensing:
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Compartments need 
to communicate to 

integrate information.

Constructing a model
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Model of sensing with communication
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Beyond a certain 
size, there is no 
further benefit
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length scale
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Comparing theory with experiment
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Current work: collective migration

(Figure S1C, blue arrows). Taken together, our observations
reveal that invasive leader cells in this luminal breast cancer
model are molecularly distinct from bulk tumor cells and prefer-
entially express K14 and other basal epithelial markers.

K14+ Cells Are Enriched at the Invasive Border in
Primary Tumor and in Lung Metastases
We next asked whether K14+ cells also led collective invasion
in vivo in this luminal model. To address this question, we opti-
cally reconstructed large regions of the tumor-stromal border
from fixed sections of intact tumors. K14+ cells were concen-
trated at tumor-stromal borders (n = 9 reconstructed tumors
from 8 mice; Figure 2A) and led multicellular invasive strands
into the adjacent muscle (Figures 2A and 2B and Movie S2). As
in 3D culture, K14+ cells were negative for SMA and coex-
pressed luminal K8 (Figures 2B and S2A). Thus, K14+ cells
lead collective invasion in 3D culture and in vivo.

We next asked what fraction of collective invasion in vivo
was led by K14+ cells. We employed an orthotopic transplant
model to mark donor-derived tumor cells unambiguously.
We transplanted MMTV-PyMT mammary tumor organoids
coexpressing a red fluorescent reporter (mTomato) into the
cleared mammary fat pads of nonfluorescent congenic hosts
(FVB) and identified invasive units at the tumor-stromal border,
blind to K14 expression (Figures 2C and 2D). These invasive
units included multicellular groups of cells connected to the
main tumor mass, which we defined as invasive strands, and
groups of cells unconnected from the main tumor mass,
which we defined as tumor nests (Figure 2D, middle). We
then classified each invasive unit—in the case of strands, we
asked whether the leader cells were K14+, and in the case
of nests, we asked whether any cell in the group was K14+.
By this measure, we observed that 88% of invasive strands
and 80% of tumor nests were K14+ (Figure 2D, right). Next,
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Figure 2. K14+ Cells Are Enriched at the
Tumor Invasive Border and in Lung Metas-
tases
(A) Area of tumor invasion into muscle in 100-mm-

thick mammary tumor sections, stained with K14,

DAPI, and phalloidin. T, tumor; K, K14+ leader

cells; M, phalloidin+ muscle fibers.

(B) Collectively invading K14+ leaders at high

magnification stained with K14, phalloidin, SMA,

and DAPI. M, muscle; V, SMA+ vessel; arrow,

leading K14+ cell with forked protrusions. Inset

highlights the chain of three K14+ cells. This

micrograph represents a z-projection of more than

40 mm to capture the organization of the invasive

strand. See Movie S2.

(C) Schema to quantify the percentage of collective

invasion that is led byK14+ cells. mTomato+ tumor

organoids were isolated from MMTV-PyMT;mT/

mG mice. Organoids were transplanted ortho-

topically into nonfluorescent congenic hosts.

Transplanted tumors >1 cm in size were harvested

to generatemontagesof the tumor-stromal border.

(D) Micrograph of a representative mTomato+ tu-

mor-stromal border stained with K14. mTomato+

regions (in red) denote tumor-derived cells. Insets

denotemulticellular groupsof cells invading into the

adjacent stroma. An invasive strandwas defined as

a protrusive group of cells connected to the main

tumor. A nest was defined as an isolated group of

tumor cells. n = 145 invasive strands and n = 83

nests were counted from 13 sections from 5 mice.

95% confidence intervals denoted in parentheses.

The micrograph represents a 40 mm z-projection.

(E–G)Reconstructedmetastases in thicksectionsof

lungs fromMMTV-PyMTmice,stainedwithK14,K8,

and phalloidin. Normal lung parenchyma was K14

negative (E). Both micrometastatic and larger met-

astatic lesions had K14+ and K8+ cells (F and G).

(H) Metastatic lung lesions were identified by K8

positivity and were classified based on their K14

status. Data are presented as mean ± SD. n = 226

metastases from 5 tumor mice. p value was

determined by two-sided t test.

Scale bars, 20 mm in (B and D) and 50 mm in (E–G).

See also Figure S2.
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Current work: collective dynamics

Tommy Byrd
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fluorescent increase in Fig. 4 A1 and A2, it is clear that those cells
that responded first were the same for the two separate pulses.
Furthermore, we labeled these pacemaker cells in Fig. 4A3 and
use arrows pointing to their nearest neighbors that responded
subsequently in the second pulse. Surprisingly, not only the pace-
makers but also the temporal sequences associated with the pulse
responses were preserved. Also, because the arrows appear to be
oriented randomly, there is no direct correlation to the direction
of the flow.

We hypothesize that this deterministic feature is a result of
cellular communications, because otherwise the responses fol-
lowing the pacemaker cells would be random. In addition, if the
cells were communicating only through extracellular diffusing
molecules, all nearest neighbors would be equally exposed to the
signaling molecules thus the temporal sequences would not be
expected to be repeatable in the second pulse. Hence we con-
clude that the cells were communicating through gap junctions,
which is consistent with the observations in Fig. 2.

To further examine the role of gap junctions, we performed
similar experiments to the above, but treat the cells with palmito-
leic acid for 20min between the twoATP pulses. Palmitoleic acid is
well accepted as a gap junction inhibitor without significantly

affecting calcium response (21, 22). We hypothesize that the inhi-
bitor should destroy the temporal order established through gap
junction communication. This result was indeed what we observed,
as shown in Fig. 4 B1–B3 (also Movies S22–S23): The cells re-
sponding first in the two ATP pulses were almost the same, while
the subsequent temporal orders deviated significantly (Fig. 4B3).

While the above experiments demonstrated the importance of
gap junctions, it is intriguing to ask what type of collective beha-
vior can result from cellular communications through diffusing
molecules. To address this question, we encapsulated fibroblast
cells in a thin hydrogel film (approximately 200 μm in thickness)
and maintained the flow on top (Fig. 5 A and B). The cells were
well separated from each other, thus we expect few gap junctions
to be formed. In addition, the hydrogel protected the cells from
external flows while allowing stimulating ATP molecules to reach
the cell by diffusion. Because ATP can diffuse in the hydrogel
approximately as fast as in water, and most cells sedimented near
the bottom of the gel during the gelation process (Fig. 5A), it is
reasonable to assume that inside the field of view, all of the cells
were exposed to ATP at the same time.

To examine the density dependence of the collective chemo-
sensing, we again created cell colonies with stepwise areal den-
sities (Fig. 5A, two colonies are separated by the dashed line).
Then, we studied the calcium dynamics of gel-encapsulated fibro-
blast cells stimulated by 100 μM ATP solution flow on top of the
gel. In contrast to the observation of Fig. 1, there is no difference
of the response times for the two colonies (Fig. 5A, Insets, and
Movie S24). In fact, the activation times were broadly distributed
in both colonies, which is evident from the averaged nearest-
neighbor cross-correlation functions (Fig. 5C). As a further
feature of spatial-temporal effects, we observed ATP-induced cal-
cium oscillations in high density cell colonies (>1;500 cells∕
mm2) embedded in hydrogel. In fact the oscillations persisted

Fig. 4. The role of pacemaker cells and gap junctions in the early state of
group response. (A1–A3) The response of pacemakers in a densely packed
cell colony. (A1) Red: baseline fluorescence of calcium imaging showing the
location of cells. Green: fluorescent intensity beyond the baseline. The image
was taken 5 sec after the first cell responded to a 40 μM ATP pulse, while the
pulse of ATP lasted 1min andwas followed by HBSS to allow the cells to relax.
(A2) Baseline and fluorescent intensity of the same colony as in A1. Image
was taken 6 sec after the first cell responded to a 100 μM ATP pulse and
the pulse lasted 10 min (Fig. S6). In between the ATP pulses of A1 and A2,
cells were allowed to relax for 20 min within continuous flow of HBSS.
(A3) Circle symbols label the cells that responded the fastest (pacemakers)
in the two ATP pulses and the arrows point to the nearest-neighbor cells
of the pacemakers that responded subsequently. Open circles: pacemakers
of the second ATP pulse. Filled circles: pacemakers of the first ATP pulse.
When the arrows overlap, only one is visible. Notice A1–A2 covers only the
upper part of A3. B1–B3 is similar to A1–A3, except the cells were treated
with palmitoleic acid for 20 min in between the two ATP pulses. Top insets:
the temporal profile of the solution content delivered to the cell.

A B

C D

1,550

Fig. 5. Characteristics of the collective responses when cells were encapsu-
lated in hydrogel. (A) Confocal reconstruction of fibroblast cells embbeded in
hydrogel. Due to sedimentation during the gelation process, most cells were
near the bottom of the gel. Cell density was constructed stepwise (boundary
indicated by the dashed line) and the external ATP flow was from the low
density side to the high density side. Inset: snapshot of fluorescent images
showing the calcium level beyond the baseline. No distinction of response
time was observed for the two colonies. Left and right insets were taken
10 sec and 30 sec, respectively, after the cells started to respond to 100 μM
ATP. (B) Schematics of the vertical structure of the device. (C) Averaged cross-
correlation functions between nearest neighbors in the low density cell col-
ony and high density cell colony as shown in A1. (D) Fourier spectrum of
response curve averaged over the cells in the high density colony. Filled circles
locate the peaks in the spectrum. Inset: Representative response curves of
two cells in the high density colony. The curves cover 200 sec from the first
cell in the colony started to respond.

7756 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1121338109 Sun et al.
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How does 
communication 

change the dynamics?



Conclusions

• Simple estimates provide powerful 
bounds on biological performance 

• Communication allows collective 
systems to outperform single cells 

• Communication also limits 
performance, since it is imperfect

More info: arXiv:1505.04346


