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H
ow

 do (relatively) sim
ple

things like these:
P

roduce (relatively) sophisticated
beings like these:

?



 
 

D
raw

ing: Julian Fau. C
C

 W
ikim

edia com
m

ons

N
ot only are there m

any
cells, but they are
arranged in a com

plicated
w

ay...

…
 at w

hole-body scales...



 
 

…
 at the level of m

ajor body parts



 
 

…
 at organ and organ system

 level



 
 

(S
pinal nerves)



 
 

This is just one brain cell, m
aking connections w

ith thousands of others. W
e

have over a billion of them
.



 
 

The detail keeps up even to m
icroscopic scales.

(This is the filter – 'glom
erulus' -  of a kidney)

P
ic credit “S
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ikim
edia C
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P
aediatricians                         B

iologists

C
hem
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M

athem
aticians

    C
om

puter scientists                 R
obotics engineers



 
 

G
enes build (m

olecular) m
achines

The m
achines build the child

Im
age: , A
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Im
age credit: G
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S
elf-organization



 
 

S
o, how

 can things as sim
ple as m

olecules do so m
uch?
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hoto credit: P
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ffice of
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enise A

pplew
hite

John C
onw

ay's G
am

e of Life



 
 



 
 

These are our elem
entary building-blocks, that obey kind-of elem

entary rules.

M
icrotubules.



 
 

B
ut it clearly cannot just be crystallization, because

m
icrotubules have to end up in the right place to do

som
ething useful.



 
 

To divide, cells have to:

●
C

opy their chrom
osom

es

●
M

ove one copy of each chrom
osom

e to each of the new
 cells.

●
S

eparate the new
 cells



 
 

P
ulling copied chrom

osom
es to daughter cells –

 the spindle apparatus

P
aired copies line up in the m

iddle of the
cell

A
nd, once all are lined up, they are

allow
ed to separate and travel along

the spindle.



 
 

Tw
o problem

s:

H
ow

 does the spindle find them
?

H
ow

 does the cell know
 w

hen all are ready for the
separation phase to happen?



 
 

M
icrotubules

O
rganizing

 centre



 
 

M
icrotubules

O
rganizing

 centre



 
 

M
icrotubules

O
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M
icrotubules

O
rganizing

 centre



 
 

M
icrotubules

O
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 centre



 
 

M
icrotubules

O
rganizing

 centre



 
 

M
icrotubules can be stabilized by special proteins

O
rganizing

 centre



 
 

M
icrotubules can be stabilized by capping proteins

O
rganizing

 centre
This is still O

K



 
 

C
hrom

osom
es contain such proteins

This one is fine

This one, w
hich m

issed,
disappears

S
o, if the centres send out m

icrotubules random
ly, 

only those that find chrom
osom

es survive. The system
therefore m

anages to connect m
icrotubules to chrom

osom
es

w
ithout know

ing w
here they w

ere.

Jacapo W
erther C

C



 
 

P
roblem

 2: know
ing w

hen to stop w
aiting



 
 

“N
ot yet!”

pull
pull



 
 

S
o, “dum

b” protein m
achines did som

ething 'clever' at scales
far larger then them

selves through this process:

S
end m

icrotubules out random
ly

     O
nly properly-targeted ones survive

             S
cream

 “not yet” until all targets properly found

R
esults fed back to behaviour



 
 

S
o, “dum

b” protein m
achines did som

ething 'clever' at scales
far larger then them

selves through this process:

S
end m

icrotubules out random
ly

     O
nly properly-targeted ones survive

             S
cream

 “not yet” until all targets properly found

R
esults fed back to behaviour

S
o no need for plans/ blueprints/ prior

know
ledge



 
 

…
 and this self-organizing system

 is used again and
again as w

e m
ake our 100 billion cells.

S
o, “dum

b” protein m
achines did som

ething 'clever' at scales
far larger then them

selves through this process:

S
end m

icrotubules out random
ly

     O
nly properly-targeted ones survive

             S
cream

 “not yet” until all targets properly found

R
esults fed back to behaviour

S
o no need for plans/ blueprints/ prior

know
ledge



 
 



 
 

E
arly hum

an em
bryos: all the cells are the sam

e.
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R
esearchers have already cast

m
uch darkness on the subject, and if

they continue their investigations,

w
e shall soon know

 nothing at all

about it. 



 

B
lood supplies provide a good exam

ple of self-organization
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The blood supply has to serve an unpredictable tissue m
ass:
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dam

 C
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aily M
ail

The blood supply has to serve an unpredictable tissue m
ass:



 
 

Tum
ours too:

This one's 'benign' in the usual m
edical sense



 
 

G
row

ing tissue



 
 

C
learly this cannot be from

 an advanced 'blueprint'

H
ow

 does it happen?



 
 

Im
age from

 D
avies JA (2013) M

echanism
s of M

orphogenesis 2
nd E

d.

Tissue cell                                                    B
lood vessel cell

V
E

G
F

proliferation



 
 

Im
age from
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avies JA (2013) M
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nd E

d.

Tissue cell                                                    B
lood vessel cell

oxygen



 
 

Im
age from
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avies JA (2013) M

echanism
s of M

orphogenesis 2
nd E

d.

Tissue cell                                                    B
lood vessel cell

(no/ low
 oxygen)



 
 

Im
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S
im

ilar form
al structure:

Local oxygen levels determ
ine V

E
G

F production

          Vessel system
 expands in response to V

E
G

F

                    M
ore oxygen arrives

                  

R
esult fed back 



 
 

S
im

ilar form
al structure:

Local oxygen levels determ
ine V

E
G

F production
                   (and tissue grow

th reduction)
          Vessel system

 expands in response to V
E

G
F

                    M
ore oxygen arrives

                    Tissue grow
th allow

ed again

                              Local oxygen levels fall
                   
                  

R
esult fed back 



 



 
 





 
 

A m
odel of self-loathing:

M
odel:

U
B

 secretes a substance called 'horrid' – a noise
com

ponent is also added

U
B

 tips alw
ays grow

 in the direction of least
[ horrid ] 

U
B

 branches (1 tip →
 2 adjacent ones) if [ horrid ]

< threshold

(everything is sensed only locally, in the pixels
im

m
ediately adjacent to each cell's ow

n pixel)

A
natom

y                           [H
orrid]



 
 

E
xperim

ental m
ethod:

C
ulture kidneys aim

ed at one another

A
dd various test drugs (ideally ones that hit

w
hole classes of signalling m

olecules)

H
ope to see a crash. 

?



 
 

A
lk Inhibitor data



 
 

E
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ental sources of B
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S
ynthetic biology: teaching hum

an cells new
 w

ays of patterning:

P
hase separation:



 
 



 
 



 
 



 
 



 
 

a.                                                                  b. 



 
 



 
 

A
nim

al developm
ent

generally w
orks like this :

P
attern form

ation

D
ifferentiation (different protein

expression) in response to pattern

M
orphogenesis as a result of new

ly
expressed proteins

G
oing round this

loop again
generally adds
finer detail



 
 

The green cells have a tam
oxifen-inducible apoptosis system

 in it:

N
o Tam

oxifen                                                              W
ith Tam

oxifen

First pattern, then induce the death.

C
achat, Liu, D

avies (2017)



 
 

C
an w

e use self-organization for useful purposes?



 
 

W
hy m

ake kidney organoids?

H
um

an 
kidney 
organoid

U
nderstanding

renal
developm

ent
and disease

A
ssay system

s for
pharm

a etc.

Transplantable
kidneys?

n
o

w
                     s

o
o

n
                      o

n
e

 d
a

y
, m

a
y
b

e



M
athieu U

nbekandt

A bit of history: our path to the first renal organoids (publ. 2010).

M
ouse foetal kidney stem

cells



... they died (anoikis)   

(…
 sigh)



U
nbekandt M

, D
avies JA

. K
id

n
e

y
 In

t. 2010 M
ar;77(5):407-16.

B
ut they got by “w

ith a little help from
 their friends”



 
 

podocytes

M
esangium

(proxim
al and distal tubules)

desc thick lim
b

asc thin lim
b

thick asc lim
b

m
acula densa

distal conv tubule

connecting tubule

coll duct princ cell

coll duct intercalated type A

JG
 cells

strom
a

proxim
al convoluted tubule

desc thin loop

asc thin lim
b

-ve ctrl

+ve controls

Re-aggregates

W
e seem

ed to have all of the cell types w
e expect:

T
h

e
s
e

 a
re

 th
e

 c
e

ll ty
p

e
s
 fo

r

w
h

ic
h

 w
e

 a
re

 te
s
tin
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W
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ite

 lin
e
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e
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n

s
 'p

re
s
e

n
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um

an 
kidney 
organoid

U
nderstanding

renal
developm

ent
and disease

A
ssay system
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Transplantable
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W
ith our colleagues in Italy, w

e tested m
ouse organoids in rats:

G
rafting                                             A

fter som
e w

eeks                       i.v. injection of fluorescent S
A         S

A turns up in prox tubule
                        

X
inariset al. (2012)  J

 A
m

. S
o

c
 N

e
p

rh
o

l 2012 N
ov;23(11):1857-68.



This w
ork has recently been repeated (by others) w

ith hum
an

organoids:



B
ut there is a big problem

 w
ith organoids:

This…
                                                 isn’t this                                       

R
enal organoid from

 hum
an iP

S
C

                                                      O
rgan culture                       

P
hoto credits:   W

eijia Liu     M
ona E

lhendaw
y



 
 

C
onventional

culture

U
nbekandt &

 D
avies 2010

S
elf-organization has lim

its, good for m
icro-anatom

y but not m
acro-. 



That's a problem
: a kidney only m

akes sense if
 it has one urine collecting duct system

.



A serial reaggregation system
 can yield a kidney

based around a single collecting duct system
.

G
aneva V, U

nbekandt M
, D

avies JA
. O

rg
a

n
o

g
e

n
e

s
is 2011;7:83-7.

Veronika G
aneva.

(3-4d)

U
B

&M
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MM

D
issect

out a U
B

re-
aggregat
e

1 tree!



 
 

A
nd w

ith a few
 m

ore tricks w
e can get m

ore realism

C
-H

ong
C

hang



 
 

B
ut there is no ureter



 

S
om

e years ago, w
e found evidence that the U

B
 derivatives are plastic:
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m
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Scale	bar	=	200µm
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. Tailbud-derived

m
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otes urinary tract segm

entation via B
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P
4
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evelopm

ent, 134, 1967–1975 (2007).
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arker of ureter m
aturation



 
 

G
oing up a level...
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