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Zakladni morfogenetické drahy —
Hedgehog, Notch, BMP a RTK

Vitezslav Bryja



Klicové molekularni komponenty vyvoje




Hedgehog draha

* hedgehog (Hh) u
octomilky — nazev
Jezek" podle
fenotypu larvy

e U savcu jsou ffi
homology:

- sonic hedgehog
(Shh)

- indian hedgehog
(Ihh)

- desert hedgehog

(Dhh)
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Hedgehog



The hedgehog gene (hh) was first identified in the fruit-
fly Drosophila melanogaster in the classic Heidelberg
screens of Christiane Nusslein-Volhard and Eric
Wieschaus, as published in 1980. These screens, which
led to them winning the Nobel Prize in 1995 along with
developmental geneticist Edward B. Lewis, identified
genes that control the segmentation pattern of the
Drosophila embryos.



Schéma Shh drahy
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+  Sonic hedgehog (SHH) je modifikovan oxysterolem a pro sekreci vyZaduje protein
Dispatched (Disp)

+ Shh vaze Patched (PTCH), ktery je za normalnich okolnosti inhibitorem Smoothened
(SMO), po vazbé Shh je tato inhibice pferusena

* Uvolnéni SMO umoznuje aktivaci transkripénich faktord z rodiny GLI, které se
prfesouvaji do jadra a spousti transkripci




Schéma Shh drahy

legenda k obrazku:

Sonic hedgehog (SHH) is translated as a ~45kDa precursor and undergoes autocatalytic processing to produce an
~20kDa N-terminal signaling domain (referred to as SHH-N) and a ~25kDa C-terminal domain with no known signaling
role (1 on figure 5). During the cleavage, a cholesterol molecule is added to the carboxyl end of the N-terminal domain,
which is involved in trafficking, secretion and receptor interaction of the ligand. When SHH reaches its target cell, it binds
to the Patched-1 (PTCH1) receptor(3). In the absence of ligand, PTCH1 inhibits Smoothened (SMO), a downstream
protein in the pathway(4). It has been suggested that SMO is regulated by a small molecule, the cellular localisation of
which is controlled by PTCH. PTCH1 has a sterol sensing domain (SSD), which has been shown to be essential for
suppression of Smo activity. A current theory of how PTCH regulates SMO is by removing oxysterols from SMO. PTCH
acts like a sterol pump and remove oxysterols that have been created by 7-dehydrocholesterol reductase. Upon binding
of a Hh protein or a mutation in the SSD of PTCH the pump is turned off allowing oxysterols to accumulate around
SMO.This accumulation of sterols allows SMO to become active or stay on the membrane for a longer period of time. The
binding of SHH relieves SMO inhibition, leading to activation of the GLI transcription factors(5): the activators Gli1 and
Gli2 and the repressor Gli3. The sequence of molecular events that connect SMO to GLls is poorly understood. Activated
GLI accumulates in the nucleus(6) and controls the transcription of hedgehog target genes(7).



Shh — ucebnicovy morfogen

Napf. specifikace jednotlivych prsti koncetiny



Shh

Shh = jeden z nejlépe popsanych klasickych morfogenu (tzv. model
francouzské vlajky) — v zavislosti na koncentraci morfogenu se
spousti odliSné transkripCni programy

Digit | - SHH independent

Anterior Digit I - low SHH concentration

A

Digit Ill - brief SHH expression,
high SHH concentration

Digit IV - moderate SHH expression

\{

Posterior

e Descendants of SHH expressing cells

Napf. specifikace jednotlivych prsti koncetiny



Prirozené inhibitory Shh drahy
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cyclopamin — teratogenni alkaloid z kychavice (Veratrum californicum),
poprvé identifikovan jako latku zpUsobujici kyklopii (= 1 oko) a
holoprosencephalii u ovci
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Expression of Sonic hedgehog (Shh)
protein and the determination of the
midline structure in mouse embryo.
An SEM micrograph of the frontal view
of a mouse embryo (fetal age 7.75
days). Shh protein is green. The dotted
line in the micrograph shows the region:
Shh antibody reveals Shh. The part that
will become the brain (head fold) is
followed by the perchordal plate. Shh (in
green) that is expressed in the
prechordal plate induces midline
structure formation.

Model mice with Holoprosencephaly due to a
Sonic Hedgehog (Shh) deficiency.

An SEM micrograph of ten-day old mouse
embryos (front view of face). The mouse deficient
in Shh gene (right) has no midline structure and
only one region (eye position shown in green).
Note, too, the lack of nostril separation due to no
midline structure. The normal embryo (left), by
contrast, has both the eyes and nostrils
separated to between the two hemispheres.



Hedgehog (Hh) draha je vazana na
rimarni cilie

* Abnormalni Hh/Wnt a s nimi spojena onemocnéni jsou
zpusobena defekty ve tvorbé primarnich cilii (infertilita,
polydaktylie, polycystické ledviny, degenerace retiny).

* Hh je pfimo vazan na primarni cilie.




Primary cilia vs. motile (secondary) cilia

PRIMARNI
struktura 9+0
nepohyblivé
temeér vSechny bunky
(www.primary—cilium.co.uk)
solitérni

y—— Tip complex

— Axoneme

The primary cilium
Expert Reviews in Molecular Medicine @ 2006 Cambridge University Press

SEKUNDARNI
struktura 9+2
pohyblivé

epitely tracheje, vejcovodd,
ependym...

Central bridge

Central singlet
microtubules

Plasma
membrane

QOuter dynein
Inner dynein

Nexin

Spoke head
Radial Spoke

e
Subfiber B
Subfiber A

Triplet centriole




Primarni cilie a Hh signalizace
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+ Je spojen s primarnimi ciliemi

» Ligand se navaze na patch (Ptc) protein, coz zpusobi zruSeni inhibi¢niho efektu Ptc
na protein smoothened (Smo), ktery transdukuje signal pres glioma transkripéni
faktory (Gli) do jadra, kde Fidi expresi Hh gend. (Gli1, Gli2 a Gli3A jsou aktivatory a
Gli3R je represor). Hlavnim represorem je SuFu.

* IFT hraje klicovou ulohu ve funkci regulace Hh signalni drahy (spojuje Smo a Gli)

+ Mutace Kif3A a Kif3B maji podobné fenotypy v dusledku ztraty cilie.



Primarni cilie a Hh signalizace — zmeny Gli
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Inactive HH signaling

Primary
e b
cilium

Active HH signaling

Degraded



Hh signalizace reguluje ,,klidové*“ kmenove
bunky: v mozku

Oligodendrocyte

Astrocyte NSC TACs Ml?qrggng
SMO
PTCHA1
GLIS
GLI2

GL1 Sreeweesew

Neural stem cells in the mouse forebrain SVZ, like other adult stem
cells, produce lineage-restricted progenitors and respond to
SHH. (A) In the subventricular zone (SVZ) lining the lateral ventricles
(LVs), neural stem cells (NSCs; blue) self-renew or divide
asymmetrically to generate transit-amplifying cells (TACs, green),
progenitors that proliferate and give rise to proliferating neuroblasts
(NBs, magenta) that migrate away from the SVZ via the rostral
migratory stream (RMS) to the olfactory bulb (OB). The end feet of
NSCs and astrocytes (purple) often contact blood vessels (BVs), which
are an essential component of the neurogenic niche. Multiciliated
ependymal cells (brown) form the immediate boundary between the
cerebrospinal fluid-filled ventricle and the SVZ. Cb, cerebellum; DG,
dentate gyrus. (B) Mature astrocytes and NSCs share many molecular
and morphological characteristics, and both cell types respond to sonic
hedgehog (SHH) signaling. Whether one cell type can be transformed
into the other (dashed double-headed arrow), as appears to occur during
injury and what role HH signaling may play in this process remain to
be determined. NSCs also produce a small number of oligodendrocytes
(gray), which is augmented by SHH signaling. Smoothened (SMO) and
patched 1 (PTCH1) are thought to be expressed at all the stages of NSC
lineage progression. Activation of the canonical HH signaling pathway,
however, occurs only at the NSC stage, where it is important for
maintaining the undifferentiated and proliferative state of the NSCs
(circular arrow). Expression of the glioma-associated oncogene
proteins (GLIs) ends as the lineage progresses from NSCs to TACs. In
addition, whereas GLI2 and GLI3 are expressed in mature astrocytes
and NSCs throughout the SVZ and the rest of the brain, GLII is present
in only a subset of NSCs and astrocytes (hatched orange line), possibly
in regions where HH signaling is the highest.

» Ddusledek deregulace Shh v mozku — meduloblastom, glioblastom ...



Hh signalizace reguluje ,,klidové“ kmenove
bunky .... nebo v kuzi
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Key
@ Shh-expressing cell @) Gli1-expressing (SHH-responding) cell

» Dusledek deregulace Shh v kiizi — bazocelularni karcinom (BCC)



Primarni cilie a Hh signalizace: dukaz

Basal cell carcinoma — zpUsobena aktivaci Smoothened
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Ker14-Cre: drives expression to the epidermis
SmoM2 (cond): constitutively active Smoothened (activated by Cre)
Kif3a Flox: following Cre leads to Kif3a deletion and primary cilia loss
Wong et al., Nat. Med. 2009



Primarni cilie a Hh signalizace: dukaz

control Shh active, Shh active,
cilia present cilia absent
b Ker14-Cre®"T: SmoM2™™. Ker14-Cré"™: Smo2*™™,
Ker14-CreFRT Kif3a"™*  Kifga"* Kif3a"*~

10 weaks alter
Induction

20 weaks alter
induction

€ Kerr4-CrefFT;  Ker14-CreEFT, .
Kitag"™* SmoM2™™ Kitza" ™" SmoM2°™:Kifza""

Ker14-Cre: drives expression to the epidermis
SmoM2 (cond): constitutively active Smoothened (activated by Cre)
Kif3a Flox: following Cre leads to Kif3a deletion and primary cilia loss
Wong et al., Nat. Med. 2009
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Notch

* Notch=zarez — podle
prvniho fenotypu
octomilky se zarezy
na kridlech (T.H.
Morgan, 1919)




Notch

Regulation and
Destruction Signaling dimerization | i hinding

T

Notch1 === Jagged1 &2
.5 Deltal & 4

Notch2
i-= Delta3

Notch3 Ill=——={I
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Cell 1 Cell 2

Notch ligandy Jagged a Delta

Transmembranove — jsou vazany na bunécény
heterodimericke receptory povrch

Notch 1-4



Notch draha - overview

* Vazba ligandu Notch receptor aktivuje dvé proteazy (enzymy specificky Stépici protein)
*  Proteazy jsou z rodiny ADAM a gamma-sekretaz

«  Stépeni Notch t&mito protedzami uvolfiuje tzv. NICD (Notch intracellular domain), ktery
se uvolfiuje a do cytoplazmy a nasledné pfesouva do jadra

* NICD pfimo interaguje s transkripcnimi faktory CBF 1/Mastermind a spousi transkripci



Notch draha - biologie

«  Diky pfimému pusobeni ma vyznam zejména pfi diferenciaci
«  Typicky napf. ,Binary decisions® a lateralni inhibici
* Role v nikach kmenovych bunék nebo pfi angiogenezi




Nika zarodeénych kmenovych bunék
(Caenorhabditis elegans)
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®» https://www.stembook.org/node/497

Germline
stem cell Differentiated
germ cell

Lateralni inhibice — proces, ktery zajisti, Ze dvé sousedici bunky nebudou mit stejnou
bunécnou identitu (fate); diky signalnim draham (nap¥. Notch), které diky pfimému
kontaktu zajisti odliSnost sousedicich bunék




Lateralni inhibice pusobenim Nocth drahy

Delta
ligand

Notch
receptor

Proneural NICD

genes

Neural
differentiation

B
Delta P Notch
Notch Delta

time




Nika zarodecnych kmenovych bunéek (Drosophila
melanogaster)
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Terminal
Filament

stem cell

Escort stem
cells




Nika kmenovych bunéek ve streve
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Notch draha — role v angiogenezi

Viz dalSi pfrednaska
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TGF/BMP

 TGF - transforming growth factor (transformuijici
rustovy faktor)

« BMP - bone morphogenetic protein (kostni
morfogeneticky protein)

« patfi do TGF[ nadrodiny



TGF beta nadrodina:

TGFB nadrodina ma nasledujici podrodiny:

TGFB1-3

BMPs — 20 ruznych ligandu

GDF (growth differentiation factor): 9 ligandu
activin/inhibin/nodal

Spole€énym znakem je signalizace pres:

- konzervativni rodinu Ser/Thr kinazovych receptort — jsou dvou
typu a po vazbé ligandu dimerizuji

- cytoplazmaticka signalizace pres tzv. SMAD proteiny



Signalni draha BMP

chordin, noggin,
schlerostatin

Smad6
Smad7 A
p38, Erk1/2




Inhibitory BMP faktoru

jsou klicové pro fyziologické funkce BMP

* noggin T i R i ¥ e R

 chordin (Chd)
e sklerostin

Prima fyzicka interakce mezi chordinem
a BMP je podstatou inhibicniho
pusobeni chordinu



Kliéova role BMP inhibitoru produkovanych
notochordem pri indukci nervove plotenky

Neurulation

Neural plate  Neural fold

Notochord

Epidermis

Crump Institute for Biological Imaging

notochord (= chorda) produkuje faktory, které specifikuji ektoderm a vedou ke tvorbé
nervoveé ploténky (neural plate). Jde zejména o nasledujici faktory: noggin, chordin a
follistatin (inhibitory BMP a aktivinu).



BMP signalizace primo antagonizuje Wnt ve
strevni krypté

enterocytes
Goblet cell

Paneth cell
stem cell

- Noggin (inhibitor BMP) je spolu s Wnt, R-spondinem a EGF
zakladni sloZzkou média pro kultivaci organoidu




Dalsi zajimavé
proteiny z BMP
rodiny

Myostatin (GDF8) —

regulator
diferenciace svalu
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GDF8 (myostatin) — priklad tzv. master
regulatoru konkretni tkane




SHOP EDUCATION ABOUT US Q LOGIN  CART/$0.00 I_EI

& $7.99 Flate Rate Shipping! (Contiguous US Only)

ASK THE TRAINER #8 — MYOSTATIN INHIBITORS TOP RATED PRODUCTS

Kre Alkalyn
Hardcore

L8 0.8 8 ¢
$26.99

POSTED ON FEBRUARY 17, 2015 BY CHAD SHAW

Vita Drive
' 8 8.8 5 ¢
$20.99

Karbolyn Hydrate
A Ak
$44.99 - $48.99

Training Ground
Isolate

*hhkk
$31.99 - $42.99

Training Ground

QUESTION:

EAA
What do you think of myostatin inhibitors? | am asking because my workout partner bought one ettt
of these products. After doing my own research | am on the fence. | am aware that Myostatin is $24.99

something the human body produces to slow and regulate muscle growth. | don’t know if

stopping something your body does naturally is a good idea? Tr'alm.ng Ground
Frotein 6

Glen Rhdkk
$35.99

ANSWER:

Hi, Glen. Myostatin, which is also known as “Growth Differentiation Factor-8" (GDF-8), is a
protein embedded in the MSTN gene in humans. It's produced mainly in skeletal muscle cells and

binds to receptors in muscle tissue.



A study in mice reported that SRK-015 helped improve muscle capacity and strength, and

increased lean body mass, particularly in the fast-twitch muscle fibers that are affected in
SMA.

Another study found that SRK-015 effectively increased muscle mass and function in a
mouse maodel of SMA, and also improved the animals’ bone structure.

SRK-015 in clinical trials

A placebo-controlled and double-blind Phase 1 clinical trial tested ascending doses of
SRK-015 in healthy volunteers. Positive final results, announced in June 2019, showed

that participants tolerated SRK-015 well across all doses up to 30 mg/kg, with no dose-
limiting toxicities.

A Phase 2 trial called TOPAZ (NCT03921528) opened in May 2019 to evaluate the safety
and efficacy of SRK-015 in people with SMA type 2 and type 3. The trial has enrolled 58
patients, ages 2 to 21, at centers in the U.S,, Italy, the Netherlands, and Spain.

Patients are divided into three groups, and all are being treated for one year. Those in
groups 1 and 2 are being given 20 mg/kg of SRK-015 by intravenous infusion once every
four weeks; group 1 includes ambulatory type 3 patients, and group 2 type 2s and 3s who
are not able to walk. Those in group 3, all type 2 patients, are randomly receiving SRK-015
infusions of 20 mg/kg or 2 mg/kg once every four weeks for one year. Patients can also
be using an approved SMN upregulator therapy. Its primary goals are measures of safety,
and clinically meaningful changes in motor function or physical abilities based on the
revised Hammersmith scale and the expanded Hammersmith functional motor scale.

Preliminary trial data released in November 2019 showed a dose-dependent increase of
up to 100-fold in bload levels of latent or inactive myostatin. The analysis included 29
patients in total: 12 from group 1, eight from group 2, and nine from group 3. All had been

given a single dose of SRK-015 and researchers evaluated them after four weeks. They
reported no safety issues.

Scholar Rock plans to analyze interim safety and efficacy in a subset of patients after six
months of treatment, and expects to announce findings late in 2020. Topline results for

Home | ‘ Research | Careers & Jobs | Current Issue | Archive | Audio & Video ‘ F
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Super-muscly pigs created by small genetic tweak

Researchers hope the genetically engineered animals will speed past regulators.

David Cyranoski

30 June 2015

) poF | W, Rights & Permissions

These meaty pigs could become the first genetically engineered animals to be approved for human
consumption.

Belgian Blue cattle are hulking animals that provide unusually large amounts of prized, lean cuts of
beef, the result of decades of selective breeding. Now, a team of scientists from South Korea and
China savs that it has created the porcine eauivalent usina a much faster method.
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Receptorove tyrosin kinazy (RTK)

Signal molecules

~ S Activated
-”‘ proteins
IS

Cellular

/-—\v) D A ™ response
ADP _ Cellular
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Activated tyrosine-kinase
receptor (phosphorylated
dimer)

(b) Activated system




signal protein

i_. EXTRACELLULAR
SPACE
= CYTOSOL
tyrosine S Y,
kinase E_:
domain
inactive RTKs
autophosphorylation autophosphorylation

activates kinase generates binding sites
domains for signaling proteins

Figure 15-44 Molecular Biology of the Cell 6e (© Garland Science 2015)

1. ligand se specificky vaze 5. 'V zavislosti na receptoru
na receptor se aktivuji ,downstream*
2. receptor dimerizuje signalni drahy —napf.
Ras/Raf1/MEK/MAPK

3. tyrosin-kinazové domeny kinazova draha
se navzajem fosforyluji ) L
6. ktera vede k bunécné

4. autofosforylace vede k odpovédi

navazani (recruitment)
adaptérovych proteind




Adaptorove proteiny s SH2 doménou

PDGF

plasma membrane receptor

CYTOSOL

Pl 3-kinase | | 740 .
! B B (regulatory subunit) <= spitt.
- : tyrosine
kinase

771 domain

—

yr| 1009
11021

DEIEE e — @
protein (GAP)

phospholipase Cy
* holipase Gy 7

SH2 domains SH3 domain

Figure 15-46a Molecular Biology of the Cell 6e (© Garland Science 2015)




Doména SH2 rozpoznava fosfo-tyrosin

binding site for binding site for
amino acid side chain phosphotyrosine

phosphotyrosine

NH,

Figure 15-46¢ Molecular Biology of the Cell 6e (© Garland Science 2015)

Figure 15-46b Malecular Biology of the Cell 6¢ (© Garland Science 2015)



Receptoroveé tyrosin kinazy

immunoglobulin-
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rich
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Figure 15-43 Molecular Biology of the Cell 6e (© Garland Science 2015)



Hlavni skupiny receptorovych tyrosin kinaz

Some Signal Proteins That Act Via RTKs
Signal protein family Receptor family Some representative responses

Epidermal growth factor (EGF) EGF receptors Stimulates cell survival, growth, proliferation, or
differentiation of various cell types; acts as inductive signal
in development

Insulin Insulin receptor Stimulates carbohydrate utilization and protein synthesis
Insulin-like growth factor (IGF1) | IGF receptor-1 | Stimulates cell growth and survival in many cell types
Nerve growth factor (NGF) | Trk receptors | Stimulates survival and growth of some neurons
Platelet-derived growth factor (PDGF) | PDGF receptors | Stimulates survival, growth, proliferation, and migration of

various cell types

Macrophage-colony-stimulating factor MCSF receptor Stimulates monocyte/macrophage proliferation and

(MCSF) differentiation
Fibroblast growth factor (FGF) FGF receptors Stimulates proliferation of various cell types; inhibits

differentiation of some precursor cells; acts as inductive
signal in development

Vascular endothelial growth factor VEGF receptors Stimulates angiogenesis
(VEGF)
Ephrin Eph receptors Stimulates angiogenesis; guides cell and axon migration

Table 15-4 Molecular Biology of the Cell 6e (© Garland Science 2015)



EGF funguje jako mitogenni signal ve strevnim

epitelu
Notch1
Olfm4
Fzd7
Cdca7 Mitogen — faktor, typicky protein,
Tnfrsf19 ktery indukuje proliferaci bunék
Lgrs (mitdzu)
3 Stem cell

EGF (epidermalni rastovy faktor)
FGF (fibroblastovy rustovy faktor)
— jsou typické mitogeny
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EGF funguje jako mitogenni signal ve strevnim
epitelu

A

Wnt BMP EGF

Stemness

Stem cell

- EGF je spolu s Wnt-3a, R-spondinem a Nogginem (inhibitor BMP)
zakladni slozkou média pro kultivaci stfevnich organoidu




Integrace signall vede k homeostaze

Lateral inhibition

-------------------------------------

ll—

— BMPligands ~ — R-spondins Ej Enterocyte @ Tuft cell @ Goblet cell D Paneth cell

—* BMPinhibitors — EGF &CEC il [:[ Absarptive O Secretory Enteroendocrine
—= Whnt ligands —+= Motch signal e progenitor progenitor cell

== Notch ligand =s={ Notch receptor * Mesenchymal cell




raha na prikladu regulace rustu kosti

FGF d

Jak rostou dlouhé kosti?
- klicova role chrupavky a rustové ploténky

age

ﬁ
resting cartilage
lproliferating cartilage
bone I
tproliferating cartilage

resting cartilage

rustova ploténka (growth plate) — zanika v dospélosti



' Aktivujici mutace v FGFR3 zpusobuiji
skeletalni dysplazie <

STATURE AC
Hypochondroplasia I
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Achondroplasia




FGF-FGFR3 draha blokuje rust
l dlouhych kosti
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Rustova ploténka v detailu
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FAKULTNI
NEMOCNICE
U SV. ANNY
V BRNE

FYQUTNRIAl O NAS  PACIENTI A NAVSTEVY ODBORNiCI VEDA A vYzZKum mMEDIA [EGLREYSRY Q

Lék je nyni v zavérecné fazi klinického testovani. Jedna se o stabilni formu malé bilkoviny,
ktera je silnym stimulatorem rastu kosti. ,U genetickych poruch rastu neexistuje vétsinou
cilenéd léba. Achondroplazie je jednim z prvnich syndromd, u kterého se na zakladé
vyzkumu patologickych mechanismi podafilo 1€k vyvinout,* uzaviel téma Pavel Krej&i.

Kontakt pro média:

Mgr. Dana Lipovska, Tiskova miuvéi, tel. +420 543 182 006, dana.lipovska@fnusa.cz



