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Background	on	cell	fate	reprogramming	
iPSC reprogramming


(2006,	Yamanaka	and	colleagues)	

basic	raOonale:		

high	Oct4,	Sox2,	Klf-4,	c-Myc	(OSKM)	

low	OSKM	

overexpress	
TFs	that	are	found	in	
higher	concentraOon	
in	the	target	cell	type	

(TF-mediated		
reprogramming)	
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Schlaeger	and	Daheron	(2015)	
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Background	on	cell	fate	reprogramming	

TF-mediated 

iPSC 


reprogramming


•  Today:	efficiency	
remains	below	1%	
across	a	range	of	
transfecOon	
methods	

•  Majority	of	resulOng	cells	become	parOally	
reprogrammed	–	overexpressed	TFs	fail	to	have	
the	pluripotent	concentraOons	(Morris	and	Daley,	2013;	
Chan	et	al.	2009)	

•  TF	stoichiometry	highly	affects	efficiency	
(Papapedrou	et	al.	2009)	

•  Can	reprogramming	failure	be	a`ributed	to	the	structure	of	the	core	GRN	that	is	
responsible	for	pluripotent	(PL)	cell	fate	determinaOon	and	maintenance?		

	
•  If	GRN	structure	can	be	implicated	in	these	failures,	what	reprogramming	approach	can	be	

considered	that	is	highly	independent	of	the	endogenous	GRN?	
D.	Del	Vecchio,	MIT	
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= fi(x, ui) Hi(x)� �ixi + ui

⌃0 :
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S1

S0
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x(0)

S00

S0The	GRN	is	strongly	reprogrammable	to	S0	provided	there	is	a	u	such	that	Σu	has	the		
a`racOng	set	contained	in	R0(S0)	
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CooperaOve	GRN	
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core	pluripotency	GRN	

Boyer	et	al.	(2005)	

dxi

dt

= fi(x, ui)

Fact	1:	The	set	of	stable	steady	states	in	a		
														cooperaOve	GRN	has	always	a		
														maximal	element	
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Theorem:	A	cooperaOve	GRN	is	strongly	reprogrammable	only	to	its	maximal	stable	steady	
																			state		

à A	cooperaOve	GRN	is	not	strongly	reprogrammable	to	stable	steady	states	that	have		
					intermediate	values	of	some	of	the	TF	concentraOons	xi	
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Reprogramming	coopera(ve	GRNs	

TR	 PL	 PE	

Oct4	concentraOon	

u > 0	 u >> 0	
Overexpression	u	destabilizes	TR	
	
But	as	u	is	increased,	PL	valley	may	
disappear	before	the	TR	valley	
	
PE	is	always	an	a`ractor	for	all	u	
	
 	

Oct4

Sox2Nanog

x1 x2

(a) (b)

Oct4	concentraOon	
low	in	trophectoderm	(TR)	
intermediate	in	pluripotent	cells	(PL)	
high	in	primiOve	endoderm	(PE)		

N
iw
a	et	al.	(2000)	

à	Core	pluripotency	GRN	is	not	strongly	reprogrammable	to	PL	
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Increasing	u1	

x1

Increasing	u2	

x1

Preset	overexpression	is		a	robust	approach	to	reprogram	the	GRN	to	the	maximal	state	but	a	
fragile	approach	to	reprogram	the	GRN	to	intermediate	states	

A	GRN	is	weakly	reprogrammable	to	S0	from	x0	if	there	is	an	input	u	such	that	the	a`racOng	set	
of	x0	is	contained	in	the	region	of	a`racOon	of	S0	

Fact:	A	cooperaOve	GRN	may	be	weakly	reprogrammable	to	an	intermediate	state	from	a			
										state	lower	than	it.	But,	whether	an	input	u	exists	is	highly	dependent	on	the	GRN	

x1 x2

u1 u2

Example:	

Hi(x) =
aix
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1 + bix

2
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2
1x

2
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1 + x2
1 + x2

2 + dx2
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2
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x1

x2

dx1

dt

= 0

dx2

dt

= 0

S1 S0

S2



Reprogramming	coopera(ve	GRNs	subject	to	
perturba(ons	

When	a	core	GRN	is	embedded	in	a	larger	GRN:		u2

u1

un

Type 1

Type 2

ui

n-node

cooperative network

+	 -/?	

x1

x2 xn
xi

dx

dt

= f(x, u) + ✏d(x), kd(x)k  dM

cooperaOve	
vector	field	

non-monotone	
perturbaOon	

monotone		
interacOons	

non-monotone		
interacOons	

monotone	interacOons	do	not	change	the	
reprogramming	properOes	
	
non	monotone	interacOons:		

for	ε	small,	the	perturbed	stable	steady	states	
are	in	ε-balls	around	the	nominal	ones	

S1

Si

Sj

Sm
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Theorem:	For	ε	sufficiently	small,	the	perturbed	cooperaOve	
GRN	is	strongly	reprogrammable	only	to	Sm

ε  (the	perturbaOon	
	of	the	maximal	stable	steady	state	Sm)	

Sm
✏

à A	cooperaOve	GRN	subject	to	small	non-monotone	perturbaOons	
is	not	strongly	reprogrammable	to	stable	steady	states	that	arise		
from	the	perturbaOon	of	intermediate	ones	
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Reprogramming	coopera(ve	GRNs	subject	to	
perturba(ons	

Non-monotone	perturbaOon		

x1 x2

u1 u2

Nanog	 Oct4 

2-node	lumped	GRN	

PE	 unstable	PL	TR	

u2  

[O
ct

4]
  

Oct4	overexpression:	PL	disappears	before	TR	
cannot	reprogram	the	GRN	from	TR	to	PL.		
GRN	strongly	reprogrammable	to	PE	only	

Preset	overexpression	of	TFs	does	not	have	sufficient	control	over	TF	concentraOons	to	
enforce	their	target	(PL)	concentraOons	within	the	GRN	
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High-gain	feedback	globally	stabilizes	any	target	
state		
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target		
state	
	the	overexpression	level	is	not	preset	but	it	is	adjusted	based	on	

the	proximity	to	the	target	state		

Using	tools	from	contracOon	theory	prove	that	 lim sup
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Example:	
Pick	x* in	region	of	
a`racOon	of	S0	
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QualitaOvely:		

S1 S0 S2

preset	overexpression	

concentraOon	

enhanced	degradaOon	

S1 S0 S2
S

0(x⇤)

combined	

We	can	physically	interpret	this	controller	as	applying	large	overexpression	combined	with	
similarly	large	enhance	degradaOon	of	the	transcripOon	factor	
	
We	look	for	a	syntheOc	geneOc	circuit	design	capable	of		
-  Large	overexpression	of	endogenous	TF,	which	is	tunable	through	inducers	
-  Enhanced	degradaOon	of	both	endogenous	and	syntheOcally	produced	TF	
	

u = G(x� x

⇤)



Outline	
Background on cell fate reprogramming




Reprogramming GRNs through prefixed 

overexpression




Reprogramming GRNs through feedback 
overexpression




A blueprint of a synthetic genetic feedback 

controller implementing feedback overexpression



 


D.	Del	Vecchio,	MIT	 15	



Synthe(c	gene(c	circuit	implemen(ng	feedback	
control	of	TF	overexpression	

D.	Del	Vecchio,	MIT	 16	

x

s
i

m

s
i

xi gene

si

Synthetic circuit

Endogenous system

Ii,1

si RNA sequence

Ii,2

x

e
j

¯Hi(x)
Dhi,1(Ii,1)

xi gene

Dhi,2(Ii,2)

production

degradation

m

e
i

x

e
i

x

s
j

small	interfering	RNA	

D↵i

Dhi(Ii)

u = Gx

⇤

u = �Gx

u = Gx

⇤ �Gx

x

⇤

Ii

mi = me
i +ms

i xi = x

e
i + x

s
itotal	species	concentraOon	(endogenous	plus	syntheOc)	

enzymaOc	reacOon	for	siRNA	[1]		

[1]	Haley	and	Zamore	(2004),	Nat.	Struct	and	Mol	Biol	

dxi

dt

= imi � �ixi

dmi

dt
=

�
H̄i(x)� �imi +Gi(m

⇤
i �mi)

�✓ 1

1 + s̄i/Ki

◆

s̄i = D↵i/�i

mi ⌧ KiassumpOon[1]		 (M-M	constant)	

Gi = D
ki↵i

Ki�i

m

⇤
i =

�i

i
x

⇤
i x

⇤
i = F (I⇤i )

feedback	gain	

DNA	copy	number	

target	encoded	by	inducer	



x1 x2

x2

⌃0 :
dx

dt

= f(x, 0)

S1

S0

S2

x1

Synthe(c	gene(c	circuit	for	feedback	control	of	TF	
overexpression	

x

s
i

m

s
i

xi gene

si

Synthetic circuit

Endogenous system

Ii,1

si RNA sequence

Ii,2

x

e
j

¯Hi(x)
Dhi,1(Ii,1)

xi gene

Dhi,2(Ii,2)

production

degradation

m

e
i

x

e
i

x

s
j

small	interfering	RNA	

D↵i

Dhi(Ii)Ii

Gi � �i, Gim
⇤
i � H̄i(x) (DNA	copy	number	~1-5)	

D.	Del	Vecchio,	MIT	 17	
convergence	speed	for	mRNA	~	1/ki	
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Using	the	gene(c	controller	for	reprogramming	
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Summary	

Open Loop 
Overexpression 

Control

INDUCED PLURIPOTENCY LIFT
High Gain Feedback Overexpression Control

We	proposed	a	mathemaOcal	model	that	implies	network		
structure	in	reprogramming	failure	

We	proposed	a	closed	loop	feedback	control	approach	
of	overexpression	to	over-rule	network’s	dynamics	

On-going	and	future	work	
MathemaOcal	framework	to	determine	how	intrinsic	noise	in	the	low	molecule	count	regime	
affects	reprogramming	
	
MathemaOcal	model	of	how	chromaOn	dynamics	affects	reprogramming	
	

ImplementaOon	of	the	geneOc	feedback	controller	in	reprogrammable	cell	lines	

Del	Vecchio	et.	al.	Cell	Systems,	2017	
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