Women and men have the same amount of G6PD
because women and men have only 1 active X chromosome.
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X-Inactivation

active X chromosome Coats of
i tortoiseshell
M& cats have
allele for patches of

orange color
cell division

m inactive X

allele for
black color M

active X chromosome

orange and

inactive X black.

Barr bodies

One X chromosome is inactivated in
Females have two each cell. Which one of the pair is
X chromosomes. inactivated is random.

@ Chanan Photo 2004



X chromosomes
Allele for

orange fur

Early embryo:
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black fur
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[ Cell division and
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Black fur Orange fur




Difference between calico and tortoiseshell
(b)

There is no melanocyte



A Morphological Distinction between
Neurones of the Male and Female, and the
Behaviour of the Nucleolar Satellite during

Accelerated Nucleoprotein Synthesis

Murray BARR
(1908-1995)
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In 1949, Murray Barr and Ewart Bertram identified
a highly condensed structure in the interphase nuclei
of somatic cells in female cats that was not found in
male cats.

This structure became known as the Barr body.

Active
X chromosome

(a) Nucleus with a Barr body

In 1960, Susumu Ohno correctly proposed that the Barr body
is a highly condensed X chromosome.



Barr body

(inactivated X chromosome)

Figure 4-16a
Genetics: A Conceptual Approach, Third Edition
©2009 W.H.Freeman and Company



Buccal epithelium Polymorphonuclear
leukocyte

Blood sample

drumstick
Barr body

Sex chromatin

.




Triple X (47, XXX)

2 Barr bodies
(2 inactivated X)

X

One lady with this anomaly was Ewa Klobukowska, a 1964 Olympic sprint bronze medallist
who was the first woman to fail the sex chromosome test during the 1967 European Cup.
“One chromosome too many to be declared a woman for the purposes of athletic competition”
was the statement, and she was obliged to return all her medals.

She gave birth to a baby the following year.

I::> 47, XXX women have normal children !!



Feminity test : Normal woman :

(competition)

Barr body / \ /}

= 1nactivated X chromosome >

47,04 X
Ewa Klobukowska
Bérénice




Official document attesting gender. Complete androgen insensitivity

Certificat de féminité pour les sportives :

LT VI .y 8- L S CERTIFICATE Moy oo oe o 238 e
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46,XY female |.Mezld Championships
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L'athlete mentionnée ci-dessus

a subi un examen médical approuvé
et la chromatine sexuelle s’est
révélée positive.

Maria PATINO

Tested female in 1983 in Helsinki ;
failed the gender test in 1985



Is it fair 2?2?

She had to give back her silver medal (800 m).

46,XY female



Gender test

(competitions) Normal woman :
/ Nucleus
) -.\\ Cytoplasm
\ \ /4
I Barr body 4
46, XY 46, )4 X

No Barr body



The opsines familly :

8 % of men are
red / green color blind

ShHramasone 7 Chromaosome X

( | ) o | X )
géne S géne M géne L
opsine sensible au bleu opsine sensible au vert opsine sensible au rouge



X-linked recessive

Carrier
mother

Unaffected
father
XY XX

Unaffected Carrler Affected Unaffected
son daughter son daughter
[] Unaffected
[T carrier
B Affected

Affected Unaffected
father mother
XY XX
‘ \ Recessivity is
' defined only
i in women.
XY X
Unaffected Carrler Unaffected Carrier
son daughter son daughter
[] Unaffected
[ carrier
B Affected

Note: a few carriers may be mildly affected due to skewed X-inactivation.



Ishihara Test For Color Blindness

What Red-Green Color Blind Peaple See
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What People With Regular Vision See




Methyl groups added
to DNA base cytosine

T (“C”) at CpG sites

L

I m—




Lappariement n'est pas affectée par la methylation :

V

hydrogen bond ki

0 nL- / CH;

N—HruouN 3

N—Hl“.lo

5-méthylcytosine

H

5-methylcytosine base-pairs with guanine in exactly the same way as unmodified cytosine.



CpG Methylation
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Me Me
DNA replication Maintenance

(mitosis or meiosis) methylation



CpG Methylation
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DNA can be cut by restriction nucleases

cleavage site sugar-phosphate backbone
gm - it ends " CUt double-stranded DNA
» I E - at particular sites: recognition sites
- highly specific sequences of
TR0 EcoRl ﬂﬁr 4 nucleotides: frequent cutters
: Ill” : Lm 6 nucleotides: medium cutters
8 nucleotides: rare cutters
m Al E + E - from bacteria; defense mechanism
against phages
mwl !Wlll + III!‘E sticky ends

Figure 10-4 Essential Cell Biology, 2/e. (© 2004 Garland Science)




Isoschizomeres

cut no cut
. 5-CCGG-73 5-C™C GG-73
Hpa |l recognizes Y. GGCCos Y. G GMCC— 5
. 5-CCGG-73 5-C™"C GG-3
Msp | recognizes e G e .G GMCC— 5
cut cut

Hpa Il and Msp | recognize the same restriction site : they are isoschizomeres.

However there is one important difference :
Hpa Il is sensitive to DNA methylation
Msp | is insensitive to DNA methylation



CCGG CCGG (CAG)11

< The active X
> is not methylated
GGCC GGCC
mlicrosatellite
m m A
C7C GG C"C GG (CAG)14 < The inactive X
> is methylated
G G™CC GG™CC
HUMARA test (PCR)
after Hpall digestion . .
y Only the DNA from the inactive X
1] — S — can be amplified by PRC.
I\ )
Y
1 2
random non random

X inactivation X inactivation



CCGG CCGG (CAG)n

<

CCGG—CCGG—CCGG—CCGG
GGCC— GGCC—GGCC—GGCC

Digestion with Hpall Digestion with Mspl
(blocked by CG (not blocked by CG
methylation) methylation)
-
HUMARA test - _— =
<« ———
- - PCR
l , l No amplification product
|

after Hpall digestion



Example of
testing

Mother shows
non random
X inactivation

Patient shows
non random
X inactivation

N A X, X < A
< QS & @ 2 NS 2 2
FFEFFFTS LSS
€9 <9 Q9 ? QT R
- + - + - o+ - + - o+

1 2 3 4 b5 6 7 8 9 10

Whole Blood Buccal Swab

Figure 1. Analysis of the Pattern of X-Chromosome Inactivation
in the Patient and Her Parents.

DNA was extracted from whole blood or oral mucosal cells
from the patient and her parents and amplified by PCR with
specific primers that flank the HUMARA locus (lanes 1, 3, 5, 7,
and 9; labeled with a minus sign). In addition, the DNA was di-
gested with the methylation-sensitive enzyme Hpall before
PCR amplification (lanes 2, 4, 6, 8, and 10; labeled with a plus
sign). The samples were analyzed on 3 percent agarose gel
and stained with ethidium bromide.

Whole blood and

buccal swab
give identical results



XIC = X Inactivation Center

TSIX and XIST are non coding RNA

i xisT I i

» <4+— > <«

CDX4 CHIC1 NCRNA00183/JPX NCRNAO0182/FTX
<

Cdx4 Chict  Tsx  Xist|lll 2010000/03Rik/Jpx
» ) > 4GMIT59 4— B230206F22Rik/Ftx

Wil I 7six® 1§ A (I
T ~350 KB R
« O N O B [ [ e
XgD

Mutations of XIC can be e loss-of-function
e gain-of-function



Mother shows

Hpa Il digeston before PCR n(?n rar'\do.m
x_ X, < < X inactivation
O O ) %)
F &
R R Why ? XIC is mutated
Hpa Il — 4 — +

never inactivated

7 8 9 10 always inactivated

Buccal Swab
A priori 2 possibilities :

1. Top allele has a loss-of-function mutation
2. Bottom allele has a gain-of-function mutation



Patient shows

Hpa Il digeston before PCR non random
X inactivation
& & &t
N & \\.Q \\,Q
> > o) o)
R R Why ? XIC is mutated
Hpa Il — 4 — +
- _— N
- never inactivated
XIC mutated — A___J
gain-of-function v 3 9 10 always inactivated
Buccal Swab
2 possibilities :
Observation in the patient 1. Top allele has a loss-of-function mutation

shows that the mother has

2 gain-of-function mutation 2. Bottom allele has a gain-of-function mutation



Xic : X inactivation center

Xic
Xic pairing . Counting Inactivation .

Xic Choice ]

Xi
(b) e
Xic is required for X inactivation. g? 7
Loss of function of Xic makes = por gene %
h h bl : b PCR2 silencing macroH2A ‘
the X chromosome unable to —> (6 —> — _)
inactivate. = hypoacetylation |2
| I' of histone H4 &
Gain of function of Xic makes \/ ?
the X chromosome always H2AK119ub1 :
H3K27me3 late replication Xi

inactive.

Consequence :
The X inactivation is not random.

Polll excl

H4K20me1

] L ]

Xist dependent initiation of silening

Xist independent
maintenance of
X inactivation

Current Opinion in Genetics & Development

Xa



HUMARA testing in cancer patients

; Normal tissue HUMARA alleles

j'j{, El @ \ gTrilr::_cigde \Q
CSGRRY) ey s
f A

DNA
5 | digestion PCR and electrophoresis
HI:','. ||| ﬂ ’-
"l"| Al Tumor tissue
Fll .

WL @@ Y 9
Il E]r'l & Triggde:

(0 I AN\l  coem .

I'| '!! " @@ ?{}{ R 50
\ |, ,."] ~_‘1

Evidence for monoclonal origine of cancer tumor.




Chromosome II

Mutant phenotypes
Short Black| Cinnabar|Vestigial| Brown
aristae bod eyes wings eyes
g (c) (/)

a

\ /£
== G \\: Ai
T a 3 % ] ﬁ
= % /@)l{i}
/

N

Question :

What is the
genetic distance
between the
black locus

and the

vestigial locus ?

Long aristae Gray Red Normal Red
(appendages body eyes wings eyes
on head) (G) (C) (L)

Wild-type phenotypes

Copyright © 2009 Pearson Education, Inc.



Measuring the genetic distance between 2 loci:

(2] | Locus black  : body color
P ™ ‘ & Locus vestigial : wing size

ts=7 X O
4 & A
v © / N
N3/
. YiY
) ) b+ v S b

Mutations are in trans = 1-" iﬂt f ‘e
b Vg+ ¥ \ -. X ) k b Vg

Fi1



Measuring the genetic distance between 2 loci:

Locus black  : body color
Locus vestigial : wing size

b+ vg+

Mutations are in cis

©2013 Pearson Education, Inc.



male .
“double recessive”

Vg

Mutations are in trans vz

206 + 185
=0.17

2300

17 centiMorgan

recombination

©2013 Pearson Education, Inc.



male “double recessive”

Mutations are in cis vg

206 + 185
=0.17

2300

17 centiMorgan

©2013 Pearson Education, Inc. re CO m b i n ati O n



(a) Dihybrid test cross

Black body,
short wings

In textbooks, the mutations
are in cis.

The case with mutations

in trans is omitted. f

Black/short Gray/short Black/long

Gray/long

Essential Biology
Fig 9.24



Hillis, chapter 8

d
Black vestigial
We observe crossovers _—_ﬁﬂ
during meiosis in the female. b vg
The female produces . The male produces
4 types of gametes. / / R‘fomb"‘a”"”\ only 1 type of gametes

Parental genotypes Recombinant genotypes

The phenotype of the offspring
reflects the genetic information

. Black Gray Gray Black
transmitted by the mother. vestigial normal vestigial normal
944 965 206 185 Number of
individuals
% I J
Y Y
Parental phenotypes Recombinant (nonparental) phenotypes

Recombination frequency = 22 rEcombinanie = (0117

2,300 total offspring




What is expected from you :

1. Given the genetic distance between the 2 loci and the number of offspring
you should be able to calculate the expected numbers for all 4 phenotypes.

2. Given the numbers for all 4 phenotypes among the offspring
you should be able to calculate the genetic distance between the 2 loci.

Remarkable cases:

d < 50cM Detection of linkage

25+ 25

=0.5 The loci behave as if they were not linked

d=50cM 25 + 25 +25 + 25

d>50cM The genetic distance cannot be deduced from one single cross;
several crosses are needed to measure the genetic distance.



