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CELL
DIFFERENTIATION

a cell changes from one cell type to another

a less specialized type becoming a more specialized type

The phenomenon of gradual structural and functional specialization of
cells resulting from changes in gene expression patterns of the progeny

The gradual reduction of the developmental ability (potency) subsequent generations
of cells

The change in the structure of

a cell for a specialized function
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STEPS OF GENE EXPRESSION CONTROL
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Regulation of transcription in eukaryotic cells
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General transcription factors

. . are the factors that are involved in the
R 7 AT A Startpoint formation of the initiation complex during
transcription

-0 @-

O Preinitiation complex
is completed by addition
of TFIE and TFIIH.

Core promoter

— |

© TFIID binds to
TATA box in DNA.

© TFIIA and TFIIB form

complgx with TFIID. TFIIA TFIB

€ Resulting complex is o
bound by RNA polymerase
attached to TFIIF.

complex

© RNA polymerase o

undergoes ————
phosphorylation.

Transcription begins

© 2012 Pearson Education, Inc.



TFIIH

Core

E3 ubiquitin ligase / \ 3’ to 5' helicase

5’ to 3’ helicase /

CAK

Kinase

Pre-initiation complex Dual incision complex

RNA Pol-ll transcription Nucleotide excision repair

The transcription direction is 5' - 3'

Cancer 2016; 7(15):2258-2265. doi:10.7150/jca.16966



Specific TF activate or repress transcription initiation depending on their
precise position

Activators

These proteins bind to genes

at sites known as enhancers Repressors

and speed the rate These proteins bind

of transcription. to selected sets of genes

at sites known as silencers

Enhance o
4 and thus slow transcription.

Activator

RNA

polymerase Coding

region

|TATA ok '
Coactivators Core promoter

These “adapter” molecules
integrate signals from activators
and perhaps repressors.

Basal transcription factors

In response to injunctions from
activators, these factors position
RNA polymerase at the start of



Types of RNA polymerases and their functions

Polymerase RNA MAIN PRODUCTS FUNCTION LOCATION IN CELL
Polvmerase | rRNA (28S, 18S, Ribosomal RNA Nucleolus
y 5.85) synthesis

Transcription of

MRNA, snRNA, . .
Polymerase Il . protein-coding genes Nucleoplasm
MiRNA, LhcRNA
and regulatory RNAs
Synthesis of transfer
Polvmerase Il tRNA, 5S rRNA, RNA and ribosomal Nucleonlasm
y sNRNA 55 RNA, small P

nuclear RNA
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selectivity factor SL1 is an important target for the regulation of pol | transcription during cell
differentiation

UCE-binding factor SL1 Selective factor 1
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Regulation of transcription in eukaryotic cells
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Chromosome

¢ Changes in gene expression

resulting from the modification of chromatin
without change in the DNA sequence

¢ The hereditary nature of the modification -
does not change change after DNA replication

Cellular memory
Epig Iy

¢ mechanisms responsible for maintenance
fixed pattern of gene expression
¢involving e.g:

protein complexes
¢ TRITHORAX - Transcriptional activators

POLYCOMB - Transcriptional inhibitors

Heterochromatin protein 1 - HP1



Biochemical basis off epigenetic memory

Memory storage - DNA and proteins interacting with DNA

Euchromatin S %4
Active T T, S

Nl -

DNA metylation
Modification of histone proteins

methylation

acetylation (low stable)
phosphorylation (low stable)
ubiquitination

sumoylation

Modification meaning: structural

epige

informational

c.code

Various modifications of histones comprising the collection of information
managing the various manifestations of the activity of the genome

The code is read by specific protein domains
leading to differential expression of a particular gene



CHROMOSOME CHROMATIN FIBRE NUCLEOSOME

Genes are turned on and off by modifications
to the tails of histones, such as acetylation.

WRITERS

o

Enzymes that add
histone modifications.

* ERASERS
4 .\_,vo

Enzymes that remove
histone modifications.

Proteins that bind to
histone modifications
and alter gene activity
and protein production.

A 1 (O

WRITER ERASER READER

HISTONE TAIL

EPIGENETICS

A mechanism for regulating
gene activity independent
of DNA sequence that
determines which genes are
turned on or off:

o in a particular cell type 4
o in different disease states O
o in response to a physiological stimulus P HQONTEATIEN
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Reader Writer

Eraser

5mC, 5hmC acetylation H3K4me1-3

omC: HAT1, SETD1A/B,
DNMT1/3A/3B ATF2, MLL1-4, SETD7,
5hmC: MYST1 PRMD9, ASH1L
TET1/2/3
5mC: DPF3B, RSC4, CHD1/2/7/8,
MeCP2, MBD1-4, SNF5, BPTF, TAF3,
UHRF1 GCN5 ING2
5hmC:
see Ref. 44
Refer to text HDAC1-11, KDM1A/B, KDM2B,
regarding DNA CTBP1/2 KDMSA-D,
demethylation NOG6

Proteins denoted in blue text exhibit heart defects when mutated.
DPF3B — Tetralogy of Fallot, MLL2- Kabuki Syndrome,
CHD7 - CHARGE Syndrome, WHSC1 - Wolf-Hirschhorn Syndrome.

H3K27me1-3

EZH1/2

CBX7,
CDY/L/LZ,
MPP8

KDMBA/B,
JHDM1D

H3K36me1-3

\

SETD2,
NSD1/3
WHSC1

PHF2/PCLA1,
PHF19/PCL2,
EAF3

NOG66,
KDM2A/B,
KDM4A-C

Circ Res. 2014 Jul 7; 115(2): 311-324.
doi: 10.1161/CIRCRESAHA.115.301517



DA mednyiation

covalent addition of a methyl group at the 5-carbon of cytosine ring
resulting in 5-methylcytosine (5-mC)
In human 5-mC is found in approximately 1.5% of genomic DNA
DNA Methyltransferase 1 (DNMT1) replication fork component,
copies the methylation pattern after replication (methylation maintenance)

DNA Methyltransferase 3a (DNMT3a) and 3b (DNMT3b)
DNA methylation de novo -
set up DNA methylation patterns early in development and during cell differentiation

with methyl CpG sequences interact proteins containing binding domains
Me-CpG
eg: MECPs (Methyl-CpG binding Proteins)
leading to the modification of chromatin structure surrounding the methylated DNA




histtones metdiylation

Methylotransferase (HMT) - specific for histone H3

lysine residues (K) of histon H3 can be methylated
position K4, K9, K27 and K36

K4 and K36 Methylation is connected to the activation of transcription
promoters currently being transcribed genes

¢ K9 and K27 methylation is connected to the repression of transcription
areas of heterochromatin in the centromeres and telomeres,
inactive X chromosome, silenced gene promoters

The methylation of H3-K9 allows the connection of proteins
containing chromodomein heterochromatin protein 1 (HP1)
responsible for the creation of a stable heterochromatin



Aeetylation

¢ Reversible phenomenon, consisting of the connection of the acetyl residue
with the amino - terminal lysine (basic lysine residues - the positive charge)

Gene silence Active transcription

’ Q. 1k T
HDAC
Acetylatlon Acetylation

¢ Histone acetyltransferases (HATs) are enzymes that acetylate conserved

lysine amino acids on histone proteins

enzymes turn-around this phenomenon are histone deacetylase (HDAC)

Lysine residues exhibit ion affinity

an acidic (negatively charged)

phosphate backbone

of nucleosome - condensation of

chromatin
Acetylation neutralizes
the positive charge of
lysine residues




CONSEQUENCES
of epigenetic
ERRORS
RERSOR

ERRORS



A. DNMT mutation @ DNMT mutant

iﬁl L

B. MBD mutation MBD mutant

Methyl-CpG-binding domain (MBD) [j/
+ | :I ‘ ’ | Rett syndrome

C. DNMT overexpression

DNMT

o~ § ®p ..

D. Methylation deficiency

D | Mal-nutrition
’ |—| Q ‘ (e.g. folate deficiency)




mutations in the gene MECP2 (methyl CpG binding protein 2) located on the X chromosome

a rare genetic postnatal neurological disorder of the grey matter of the brain
that affects girls almost exclusively. It is characterized by normal early growth
and development followed by a slowing of development, loss of purposeful use
of the hands, distinctive hand movements, slowed brain and head growth,

problems with walking, seizures, and intellectual disability.



Transcription factor
RNA polimerase

O
I transcription

acethylation

DNA @ 5-metylo-C
Methyltransferase

Switch of
transcription

Proteins binding Histone deacethyl
ylase
methylated CpG O * .

> o .
transcription ) .Deacethylatlc.)n ]
disconnection of transcription factors

reinforcement
transcription
shutdown




acetylated histone tail

deacetylated 1 RNA polymerase Il
histone tail / \
metgylatod . / transcriptional factor  \
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Nucleosome
Heterochromatin Euchromatin
closed chromatin open chromatin
conformation conformation
: repression : activation

TRANSCRIPTION




Me Methylation Ac Acetylation if:Ub:ii Ubiquitination ® Phosphorylation

Epigenetic modification alters
which genes are on or off
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chromatin state is maintained only to the mitotis

(@lee)le

level 1 mitosis meiosis
chromatin state is maintained only to the mitotic division
I

level 2

chromatin state is maintained by mitoses
Epigenetic inheritance is important in the development and differentiation

chromatin state is maintained from generation to generation







X CHROMOSOME INACTIVATION

Gene Xist X chromosome

transcription

The consequence of Xist transcription

is production of long non-coding RNA
Xist RNA

Xist RNA binds
chromosome
that it produces

Histones —
deacetylation

Initiation of methylation and histones deacethylation e  Histones methylation



X GRROMCSOME [MACTIVETION

Changes accompanying Xi heterochromatinisation:

¢ Coating of X chromosome by Xist RNA

H3K4 hypomethylation

* o

H3-K9 methylation
DNA hypermethylation

Recruiting Polycomb proteins

Late replication in S phase

Hypoacetylation of core histone H4 : ) /
H3TrimK27

XIST RNA Nucleus

® & & oo o

H2A-K119 mono-ubiquitinisation HETrimich

H3TrimK20

¢ Exchange H2A histone by macroH2A
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Short stature

Low hairline

Shield-shaped
thorax

Widely spaced
nipples

Shortened
metacarpal IV

Small {
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Turner's Syndrome

Characteristic
facial features

Fold of skin
Constriction
of aorta

Poor breast

development

debrmlty
ovaries

Gonadal streak
(underdevelopec

gonadal \

structures)
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In both human and mouse, many of the genes that escape X inactivation are
expressed more strongly in females

Deficiency in escape genes is thought to play a
_‘r_n‘aJ,Rr role in phenotypes observed in Turner

(a) . 2> 2 patients

. /{ 4— Silenced chromatin

Xist

Xist binding motif?
H3K27me3
H3K9me3
H4K20me3
H3Kd4me3

H3 acetylation

H4 acetylation
MacroH2A1

CpG hypermethylation
CpG hypomethytation
Other factors

Eé‘

Silenced chromatin

OcedOveee |
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X X
Development
—}
X inactivation

Male Female

One specific gene implicated is SHOX (short stature homeobox), whose loss or gain explains the short stature of Turner
patients or the tall stature of Klinefelter patients, respectively

Xa Xi Xa Xi
-, - o
-

GD - GED -
1

Turner Klinefelter

about 15% of genes escape X inactivation in human Cancer
J Genet. 2015 Dec
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CENOMIC IMPRINTING
eplgenetic phenomenen

.Mae pronucleus
Female pronucleus
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Normal fetus + Embryoblast - lack
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or underdevelopment
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decay

in the early stages of pregnancy
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ENOMIC IMPRINTING

15 No expression
Chromosome - Inactive gene
maternal « |
Imprinted genes are inactive
15 Gene expression
Chromosome - Active gene
paternal |
Active gene copy Imprinted
gene copy

For most genes, we inherit two working copies -- one from mom and one from dad. But with imprinted genes, we inherit
only one working copy. Depending on the gene, either the copy from mom or the copy from dad is epigenetically
silenced.



Uniparental disomy (UPD)

12911.2-13 Maternal Chromosome Mechanisms

\

Paternal Chromosome Mechanisms

[

ZNF127
NDM

| EEEETEE EEEEEE

SNRPN

UBE3A

GABRBE3
GABRAS
GABRG3

Mat UPD ;

Prader-Willi syndrome - loss of l\ HERC?
region 15q11-13 (loss of SNRP)
from the paternal chromosome;

ofef

Pat UPD

) Angelman sydrome - loss of
region 15g11-13 (loss of UBE3A)

Telomer&rom the maternal chromosome:




The red chromosomes represent
Healthy person

the chromosome inherited from maternal paternal

the mother while blue represents

the father. metS\RP SNRP
UB metUBE3A

Uniparental disomy (UPD)
Typicalinormal Deletion UBE3A Mutation Paternal UPD Imprinting Defect

> J L E3 4 UBJK3A £3 ; | .
(e}t’r?fggs%d) é i'(Siem) g'sgan%é éﬂem (not fun&nal) ésﬁem (silent) (silent)  (silent) ésem

?



Writers
Readers «— ()< @ —> Readers

Erasers
Histone modifications: methylation, acetylation, RNA modifications:
phosphorylation, ubiquitination, sumoylation, etc. m°A, m'A, y, m°C, etc.

A ','(,

sl
Wiriters:
METTLS3,
METTL14,
WTAP
DNA modifications: 5SmC, 5hmC, 5fC, 5caC, 6mA A < — mfA —>Readers:
Eras e, 2 YTHDF1-3,
DNMTs TETs TETs TETs ALKBHS. YTHDC1-2,
5C —» 5mC — 5hmC — 5fC — 5caC FTO EIF3,

HNRNPA2B1,

{ | | | etc

TDG (BER)




Stimuli

Cytokines TNF-c < Steroid
¢« 8"
|

v

Ras

v
MEKK-1
v /‘b
JNKK Steroid
* receptor

specyficzne czynniki transkrypcyjne



Families of DNA-binding domains

{A) Zinc fingers (B) Helix-turn-helix

(C) Leucine zipper

Leucine side chain

> Leucine zipper domain

DNA-binding — |
helix

(D) Helix-loop-helix

Helix -

DNA-binding — .
helix



Totpoent Stem Cell

These cells have unlimited capability and
have the ability to form extrae rbryonie
merhranes and tissues, the embryo1tself]
and all posterabryomic ismes and organs.
Ln exarple 15 an emb o

S|

Phiopotent Stem Cell

These cells are capable of griing rise o
rnoet, but not all, tissues of an orgarasmn.
Ln example 18 1nmer mass cells

)

Blood Stem Cell

stein cells

Plat&lem?i.?}ﬁte Blood Ergthrocytes

Cells

Mulapoternt Stemn Cell

\ These cells are cornratted to grve
rse to cells that have a specific

O thet committed function. &n exarple 15 blood

atern cells




CELL POTENCY ISACELL'S ABILITY TO DIFFERENTIATE
INTO OTHER CELL TYPES

ZYGOTE 8-blastomers embryo Blastocyst
TOTIPOTENT TOTIPOTENT PLURIPOTENT
BLASTOMERS
MULTIPOTENT TERMINAL DIFFERENTIATED CELL




Fertilized Oocyte

Morula

Blastula

Gastrula

J

endodermal
stem cell mesodermal
stem cell
hematopouettc
/ stem cell
infestihal
stem cell
Embryo
Vy
Iyn;pho— Dem,
: cytes ‘
monbcytes
all intestinal *
epithelium erythrocytes

cells

ectodermal
stem cell

epldermal
stem cell
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skin
fibroblast

totipotent

pluripotent

multipotent

omni-

uni-

fully differentiated



I Genomes of differentiated somatic cells I
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Housekeeping Genes vs Luxury Genes

DEFINITION

SYNONYM

EXPRESSION
OF GENES

EXPRESSION
IN

PROTEIN
PRODUCTS

STATE

EXAMPLES

EXPRESSION

More Information Online

Housekeeping Ge
Housekeeping genes

are the genes constantly
expressed in all cells

Constitutive genes

Maintain a constant
expression rate

All cells

Proteins that are
constantly required by
the cell

Remain 'on' all the
time

Genes for enzymes of
aglycolysis, ATAase

Expression is not
regulated

WWW.DIFFERENCEBETWEEN.COM

Luxury genes are the
genes expressed only

when their products are
needed

Non-constitutive genes
or specialists genes

These genes are not
always expressed

Only in certain types
of cells

Specialized protein
products

Remain inactive most
of the time

Gene for nitrate
reductase in plants,

]

lactose system in E, coli

Expression is regulated

Essentiality

Cellular
maintenance

Conservation

Housekeeping




MicroRNAs in sperm target maternal mRNA for destruction to influence offspring
development.

degradation




The same cell

Organisms have : transcribes LncRNA
; The same tissue : ;
different organs has different cells different RNAs; cell-specific
and tissues different cells function
have different RNAs
Endothelial
cells Codine RNA
A e miRNA
. Small non-coding sponge
Cardiomyocytes 4l RNA
w Long non-coding
Smooth muscle RNA
cells
JJVI—\N\ Coding RNA
Neuronal cells
Small non-codin DNA
T S modification

ﬁmBJ%% Long non-coding
RNA

Int. J. Mol. Sci. 2020, 21(1), 302; https://doi.org/10.3390/ijms21010302
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\ pre-miRNA A[l-_ /
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cytoplasm
‘ RBP RNA-Induced Silencing Complex

)
Cmor

Dicer is an RNase Il endonuclease that processes
miRNA precursors into functional 21-23-nt RNAs that 20-25 nucleotides
are subsequently incorporated into the RNA-induced

silencing complex (RISC).

mMRNA
target 5 cap — ”” 3’ poly (A)

fully complementary
MRNA degradation

SIRNA

active miRNA

—

partially complementary
Translation inhibition

miRNA




Maternal-Effect Genes

Most mRNAs of unfertilized oocyte
remain unread

sperm does not provide
MRNA, or mitochondrial DNA to zygote

Sperm-borne miRNAs might regulate early
embryonic development

ZYGOTIC GENOME ACTIVATION .
(a) (DUX4) © Epivlast (EP)

B Transcripts of maternal origin © Primitive endoderm (PE)

.l de novo zygotic mMANAs . R ™)
1 o Amnion
]
@ Mesoderm

@ Primordial germ cells (PGC)

Levels of RNAs
and proteins

1

1
F (b) : LINEAGE SPECIFICATION POST-IMPLANTATION GERM CELLS SPECIFICATION
=3 ‘ (GATA3, OCT4, HPATS) I (PODXL) (S0X17)

. [
R : Inner cell mass Preimplantation EPI M cavity —
 Zona Pellucida_Polar bodies " P
| : y L PGC
i A
| N

i § z
s Pronuclei A Yol Sak Cavity
: Zygote 2-cell stage  4-cell stage 8-cell stage Morula Blastocyst Late hatched blastocyst T Carnegie stage 5 Carnegie stage 7-9
| EO E1 E2 E3 E4 ES E7 I E9-10 Week 3
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materuz! clicet grurs

Totipotency

Pluripotency
Oct4, Nanog, and SOX2

8-cell
Mouse Pig e Human Sheep

R e » Cow
; » Goat

Zygote

Oocyte

.........

e Opossum




/ygote genome activation

dQO@@ $

cell cycle 3 4--- % .
+ -
hours 24 48 60 72

V Earliest detected embryonic transcript

V¥V Large-scale embryonic transcription begins

New embryonic transcription

transcription factors (TFs)

recognize specific DNA
sequences to control
chromatin and transcription,
forming a complex system that
guides expregsmn of the

ATF3, EN1, IF1162 TK2PSRLF3. NPAS3, NR2F2,
RUNX1, SOX2, ZBTB20, and ZSCANA.

Homeotic genes (HOX)

A significant shift in gene expression
was observed during the transition
from four- to eight-cell stages

morphogens

secreted signalling molecules
that direct cell fate decisions
during embryonic
development
acts on cells directly to induce
distinct cellular responses in a
concentration-dependent

mar%ner
BMP, FGF, WNT

Sonic hedgehog



Fruit fly with mutation
Mormal fruit fly in the antennapedia gene

Hox proteins
are transcription factors

¢ control of the identity

and the position of the segments,

¢ information about the specialization of
segments

and creation of organs characteristic for
these segments

¢ expression necessary
for the cells transition in
the differentiation state
and to maintain differentiation




Hox genes

Possess specific nucleotide sequence,
called cassette homeobox
portion of the protein encoded by homeobox called the

homeodomain

Hox proteins

lizard .
are transcrlptlon factors

human maintaining the state of differentiation of cells

determining the position of differentiated cells along
the axis anterior — posterior
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Flomeotic genes

Over 170 genes with homeodomain

HOX clustered homeotic genes Non-clustered homeotic genes

4 complexes with 9 -11 genes
HOX1 - short arm of chromosome 7
HOX2 - long arm of chromosome 17
HOX3 - long arm of chromosome 12
HOX4 - long arm of chromosome 2

Mutations in homeotic genes lead to abnormalities in organogenesis
(changes in the structure and location of systems or organs)
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nonequivalent division of the fertilized oocyte

S .

uneven segregation of cytoplasmic determinants

B
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Incucing substances

Proteins or peptides operating in low concentration

The same inductor may be a participant of the various cell interactions
at various stages of development

Examples of such substances are: growth factors (FGF, TGFb; BMP)
peptides of the hedgehog family
Wnt glycoproteins

Inducers whose effect in the process of differentiation
depends on their concentration gradient is called morphogens



Signaling ® . .
cascade | Intracellular signaling
O

Intercellular signaling

oss of
ranscription Transcription

Time dependencies

Positional dependiences



e 0 Ineuctive signaling E@@ﬁW@@BﬂC f@@ﬂﬂs

ol ILoLo) morphogens

positional and
l informative signal

Y N/ ~/ ~ \/ o

© 0 0 000 0O
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& (o) iSignaltransduction

(o) Receptor for signal

® O

AN AN

N
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Low activation level Low activation level

High activation level
of transcription factor

Inductive interactions are cascade, and cells can be under influence of
many morphogens of different gradients, and mechanisms of action



positonal signaling

cell differentiation depends on the location

Shh >

morphogen

—_—
l l N
@eere

HOX A HOX D Spatial "models"
Distribution of
structurally and functionally specialized cells

complex system of intercellular interactions:

e overlapping gradients of morphogens,
cell fate map

Morphogenic areas

e varied responses to the inductors,
e creation of new signaling centers



Morphogen gradient
B

=Soluble
=Paracrine action
=Action along a concentration gradient



The anterior/posterior polarity of the vertebrate limb is regulated
by a signaling center called the polarization activity zone (ZPA).
Apical ectodermal ridge (AER).
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Sonic hedgehog

Digit 1 - SHH independent

Digit Il - low SHH concentration

Digit Il - brief SHH expression,
high SHH concentration

AER
Digit IV - Moderate SHH expression
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® Descendants of SHH expressing cells



Holoprosencephaly (HPE)
Mutations - Sonic Hedgehog (SHH)

a common developmental anomaly of the human forebrain and midface where the
cerebral hemispheres fail to separate into distinct left and right halves.
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Primary transcript (precursor messenger RNA (pre-mRNA) - coding segments -
exons and noncoding segments — introns. Introns - removed, exons - spliced
together - splicing
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Alternative splicing - alternative forms of mRNA

MRNA sy -
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Protei A Protein B

Alternative splicing allows the synthesis of many more proteins than would be expected from the

20,000 protein-coding genes.



Translation

Synthesis of an amino acid chain from an
mRNA.
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Translation

* OQutside the nucleus (nuclear processing of the pre-mRNA have been completed and the mRNA
molecules have been transported to the cytoplasm via nuclear pores).
* Facilitated by ribosomes located on the rough endoplasmic reticulum (on the outer surface of the

nuclear envelope, or in the cytoplasm).



Translation

Diagram of Protein Synthesis
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