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Single cell experiments

Nelson et al., Science 2004, Prof. M.R.H. White group (Liverpool)

Single cell experiment - immortal cancer cell line (SK-N-AS cells)
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Cytoplasm - Nucleus oscylations of the red fluorescent protein NF-xB ,
degradation and rebuilt of (green) |xB«
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Single cell experiment - immortal cancer cell line (HeLa cells)

IL8 mMRNA transcript after TNF treatment



The malin steps In gene expression

Regulatory

proteins Interactions
-

inactive active

gene gene protein

¥

degradation degradation

The number of molecules involved:
1< DNA < mRNA < protein <10°
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The Aim of This Work

How increase in number of gene alleles due to the cancer
development or genome duplication in a cell cycle
Influences its regulation

How the loss of one allele or its transcriptional inactivity
can result in haploinsufficiency disease for autoregulated
genes

To deduce the behaviour of ,,normal” cells from experiments
on the transfected cells

Conseguences for modeling. Can we approximate
two-copy-gene system by one-copy-gene system?



FIZS A single haploidal gene without feedback regulation

| =% s A 2 A

A—S% 5 mRNA —1>5¢ G - gene state

mRNA —X— protein —— ¢ H - transcription rate

K - translation rate

G(1)=0, G(A)=1 I - protein degradation rate

Continuous approximation

? = HG(t) — x(t) X(t):= # of mMRNA molecules

ay(t)
dt

y(t) 1= # of protein molecules
= Kx(t) —ry(t)
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Probability density functions

f =1(x,y,t)=P(#0of mMRNA =X, #of protein=y, G(t) =0)
g =9(x,y,t)=P(#of mMRNA =X, # of protein=y, G(t) =1)

The continuity equations for f (x,y,t) and g(x,y,t)

@m.v[f(dx y
o

0g
—~ +div[f
= | (

)IG o] =byg —cf

dx d
y>|G L ]=-byg +cf

of
ot
o9
ot

0 0
= (xf)+r5((Kx—ry)f)_byg—cf

+§ (H=x)g) + - (Kx—ry)g) = ~byg + cf
X oy
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25 Haploidal gene with feedback

» The protein degradation time is much larger than mRNA one (the protein
IS synthetized directly from the gene and regulates its own expression)

cy() . b(y(t))
| > A, < A y(t) - protein level
dy(t) _
=G -
o y(t)
We have the following continuity equations for f (y,t) and g(y,t)
%Jr_( y-£)=b(y)g—c(y)f f(y,t):=Pr(prot.level =y, G=0)
; & g(y,t):=Pr(prot.level =y, G=1)
af’+—«1 y)-9)=-b(y)g +c(y)"
of &g : _ ¢ b(z) | e(2)1
For —=—=0 bt f(y)=ex -— )z
or —-=—==0 we obtain (y) p[!( )d }

a(y) =



Diploidal gene with feedback

d_(_ y-f,)=b-f,—2c-f, f,(y):=Pr(protlevel=y, G=0)

dy f,(y):=Pr(protlevel =y, G=1)
d—y((l— y)-f;)=2c-fo—(b+c)-f+2b-f,  f,(y):=Pr(protlevel=y, G=2)
d

—((2-y)-f,)=c-f,-2b-1,

In the case without feedback

(c(y)=c, and b(y)=b,) fl(y)=2jg(z)f(y—z)dz
the functions fo(Y), T.(y), T.(y) 51
are given by the convolution formulas f(y)= jg(z)g(y— 7)dz

where s, =0 and s, =y for 0<y<1
s,=y-l1and s, =1 for 1<y<2
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Mean and variance of the protein in the system

without feedback

Y, - amount of protein molecules for n-copy-gene system, ne N

System with one-copy-gene System with n-copy-gene
C
E(Y, )= —— E(Y,)=n-E(Y
)-—5 (,)=n-E(%)
c-b
Var (Y, )= Var(Y,)=n-Var(Y,)

~ (I+c+b)-(c+b)?

In the system without feedback mean and variance (per gene copy)
are equal for arbitrary number of alleles



11/25 Negative Feedback

We consider the external induction of self-repressing gene

| c(y(t)) A, P b(y(t)) A,

c(y)=co,  b(y)=b,-y?

[C]. haploidal, b2=2 D], diploidal, b2=2 [E], tetraploidal, b2=2
! T j ' 8 T ! ' 8 ! ! !
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12/ Positive Feedback

We consider the external induction of self-activating gene
| c(y(t)) s A | < b(y(1)) A

N\

c(y)=c,+¢c,-y?, Db(y)=h,

There are three patterns of N-allelic (N =1,2,4) gene activation
corresponding to different pairs of ¢, andb, in(c,,b,) - plane

{A} - mode in which gene remains Active (i.e.E,(y) >+ ) for all C,

{B} - mode in which gene activates for some C, and distribution p(y)
IS transiently Bimodal

{U} - mode in which gene activates for some C, and its distribution
remains Unimodal



3 modes of diploidal gene activation

[C], diploidal, c2=10, b0=3

[D], diploidal, c2=10, b0=10

 c0=0.

c0=1.2 | ;
e et




Protein distributions for diploidal system
{A} - mode {B} - mode {U} - mode

[D], diploidal, ¢,=10, b0=10 [E]. diploidal, ¢ =3, b =10

[C], diploidal, c,=10, b0=3

 c0=0.1

c0=1.2 | |
O e

— ¢2-10, b0=3
— ¢2=10, b0=10
— ¢2=3. b0=10

8 10




haploidal gene

3 regions in (c,,by)- plane corresponding
to 3 modes of activation

diploidal

10 12 14 1B



9 possible patterns of 1-,2- and 4-copy-gene-system activation

{ABU} sector denotes that tetraploidal gene is in the {A}-mode,
diploidal - in the {B}-mode, haploidal - in the {U}-mode



(C1, haploidal, c,=15.b,~4 MOde {AAB}, C, = 15, bO =4

: \
L7 c0=0.3
— ¢0=0.9
| c0=3

D], diploidal, c2=15, b0=4

[E], tetraploidal, cz=15, b0=4




MOde {AAB}, C2 :151 bo =4

Protein distributions for 1-,2-,4-copy-gene system

[C], haploidal, ¢,=15, b =4 [D], diploidal, c,=15, b0=4 [E], tetraploidal, c,=15, b0=4
; : - ‘ j ! ! 5 ‘ 5 s ]
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(Cl, haploidal, c,=15,by~15 Mode {ABU}, C, =15, bo =15

: |
— ¢c0=0.8

T e0=12
— ¢0=7




Mode {ABU}, ¢, =15, b, =15
Protein distributions for 1-,2-,4-copy-gene system

[C]'. haploidal, c,=15,b,=15 [D]: diploifial, sz15- b0:=15 0o [E], f[etraplc?idal, c%=15, b‘{=15

|
: — ¢0=0.8
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: |
= ¢c0=0.2

[C].' haplo.idal, c,=4, b0=_15 MOde {BUU}, C2 — 41 bo — 15

| —c0-08
— ¢c0=8




Mode {BUU}, ¢, =4, b, =15

Protein distributions for 1-,2-,4-copy-gene system

(C1. haploidal c,~4, by=15 o DI diploidal, ¢4, b-15 ,[E). telraploidal. -4, b,-15

— 002
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Compensation of missing allele by the higher expression of
the remaining one, b, = 2 (negative feedback)

Marginal distributions for haploidal gene (doubled prod.) and diploidal one

[C], haploidal, doubled, b2=5 5 [D], diploidal, b2=5




Compensation of missing allele by the higher expression of
the remaining one, ¢, =8, b, =5 (positive feedback)

Marginal distributions for haploidal gene (doubled prod.) and diploidal one

[C], haploidal, doubled, cz=8, b0=5 [D], diploidal, cz=8, b0=5

[Al. Elyl, ¢,=8,b, =5

~ [— haploidal, doubled
- |— diploidal




-
25125

Take Home Conclusions

« The Increase in number of gene alleles may totally
alter 1ts regulation

In the case of positive feedback the loss of one allele
may be not fully compensated by the change
of MRNA synthesis efficiency per allele

For autoinductible systems the one-copy-gene system
responds differently to two-copy-gene system
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