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Embryology / microsurgery

Oocytes, polar bodies, embryos and primordial germ cells.

Single cell diagnostic molecular biology

Gene mutation, modification, expression.
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Molecular Biology

Bacteria
1959 – 1969

DNA transfer

Mapping

Bacteriophage � induction

DNA replication

DNA repair



Bored with bacteria

Slime mould amoebaeSlime mould amoebae
Dictyostelium discoideum

Cell communication
Single cells to multicellular



Parameters of aggregation – cAMP signalling, signal periodicity, 
velocity - cell refractory period, movement duration & distance

Alcantara and Monk, 19741970 - 1974
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Millions of cells

Bucket biochemistry



0h

One to a few hundred cells – micro molecular biology

Slide of Rosa Beddington



1974    Sensitive Single Cell Molecular Assays

Enzyme activity
2 uL minigels for electrophoresis  - LDH

Gene Dosage Hprt/Aprt double microassay      3H hypoxanthine   � 3H  IMP 
14C adenine           � 14C AMP

Ratio X / autosome activities.  X+X+         2 : 1     X+ Y , X+X+

Gene Specificity Pgk-1A & Pgk-1B,  G6PD etcGene Specificity Pgk-1A & Pgk-1B,  G6PD etc
Distinguish maternal and paternal X-linked gene activity

Single cell PCR - Nested PCR
Gene Mutation, Beta globin, sickle cell, unstable repeats (FRA-X, DM, AR) , etc

Gene Modification     Specific CpG methylation of X-linked  /  Imprinted genes

Gene Transcription   RT- PCR, allele specific RT-PCR, multiplex RT-PCR

Cell recycling             PCR plus FISH



Electrophoresis 
of LDH 

in single embryos
in 2 uL minigels

Delayed 

Blastocysts             ICM

Delayed 
‘implantation’ 

in vitro

Monk and Petzoldt 
Nature 1977



Sensitive Single Cell Molecular Assays 

Enzyme activity
2 uL minigels for electrophoresis  - LDH

Gene Dosage Hprt/Aprt double microassay      3H hypoxanthine   � 3H  IMP 
14C adenine           � 14C AMP

Ratio X / autosome activities.  X+X+         2 : 1     X+ Y , X+X+

Gene Specificity Pgk-1A & Pgk-1B,  G6PDGene Specificity Pgk-1A & Pgk-1B,  G6PD
Distinguish maternal and paternal X-linked gene activity

Single cell PCR - Nested PCR
Gene Mutation, Beta globin, sickle cell, unstable repeats (FRA-X, DM, AR) , etc

Gene Modification     Specific CpG methylation of X-linked  /  Imprinted genes

Gene Transcription   RT- PCR, allele specific RT-PCR, multiplex RT-PCR

Cell recycling             PCR plus FISH



Assay single embryo or single cell 
for X-coded HPRT and autosomal APRT

Express as ratio H / A



Monk and Kathuria Nature 1977

XO XX
Two X chromosomes are active in 
single oocytes



Postimplantation - 6d

Dosage of HPRT is bimodal

6d epiblast

Two X chromosomes active

Dosage HPRT unimodal

6d ex emb ect & ex emb end

One X active

Monk & Harper, Nature 1979



Sensitive Single Cell Molecular Assays
Enzyme activity
2 uL minigels for electrophoresis  - LDH

Gene Dosage Hprt/Aprt double microassay      3H hypoxanthine   � 3H  IMP 
14C adenine           � 14C AMP

Ratio X / autosome activities.  X+X+         2 : 1     X+ Y , X+X+

Gene Specificity Pgk-1A & Pgk-1B,  G6PD,  ADAGene Specificity Pgk-1A & Pgk-1B,  G6PD,  ADA
Distinguish maternal and paternal X-linked gene activity

Single cell PCR - Nested PCR
Gene Mutation, Beta globin, sickle cell, unstable repeats (FRA-X, DM, AR) , etc

Gene Modification     Specific CpG methylation of X-linked  /  Imprinted genes

Gene Transcription   RT- PCR, allele specific RT-PCR, multiplex RT-PCR

Cell recycling             PCR plus FISH



Primary non-random paternal X-inactivation

McMahon, Fosten & Monk, 1981;    West & Pappaiannou. 1981

Paternal Pgk-1A, Maternal Pgk-1B



Imprinting Methylation Xist egg
MDBP (Later called Kaiso)

Deprogramming demethnDeprog Meiosis

XCI in development

Monk et al 1977 - 1983

Late origin of the germ line

Reprog de novo meth



Sensitive Single Cell Molecular Assays 

Enzyme activity
2 uL microgels for electrophoresis  - LDH

Gene Dosage Hprt/Aprt double microassay      3H hypoxanthine   � 3H  IMP 
14C adenine           � 14C AMP

Ratio X / autosome activities.  X+X+         2 : 1     X+ Y , X+X+

Gene Specificity Pgk-1A & Pgk-1B,  G6PD , ADAGene Specificity Pgk-1A & Pgk-1B,  G6PD , ADA
Distinguish maternal and paternal X-linked gene activity

Single cell PCR - Nested PCR
Gene Mutation, Beta globin, sickle cell, unstable repeats (FRA-X, DM, AR) , etc

Gene Modification     Specific CpG methylation of X-linked  /  Imprinted genes

Gene Transcription   RT- PCR, allele specific RT-PCR, multiplex RT-PCR

Cell recycling             PCR plus FISH



PID        PGD 

Biopsy of a 
blastomere
from 8-cell embryo
(Tetsuya Goto)

IVF
HPRT deficiency Lesch Nyhan



The first genetically 
engineered mouse

HPRT-deficient 
(Lesch-Nyhan) 
mouse embryos derived 
from germline colonization 
by cultured cellsby cultured cells

Hooper M, Hardy K, 
Handyside A, Hunter S, 
and Monk M.

Nature 326, 292-5 (1987) 

Hprt+ / Hprt- female  �
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Diagnosis 

of Hprt deficient embryos

by HPRT enzyme activity

in single blastomere 

Embryos from Hprt+/Hprt- mother
‘Lesch Nyhan’ mouse model 

in single blastomere 

from 8-cell embryo

Confirm diagnosis in 

transferred biopsied embryos

(A Handyside)

Monk et al,  Lancet 1987



Sexing by Hprt dosage

Monk & Handyside 1988



Sensitive Single Cell Molecular Assays 

Enzyme activity
2 uL microgels for electrophoresis  - LDH

Gene Dosage Hprt/Aprt double microassay      3H hypoxanthine   � 3H  IMP 
14C adenine           � 14C AMP

Ratio X / autosome activities.  X+X+         2 : 1     X+ Y , X+X+

Gene Specificity Pgk-1A & Pgk-1B,  G6PDGene Specificity Pgk-1A & Pgk-1B,  G6PD
Distinguish maternal and paternal X-linked gene activity

1984  PCR
Single cell PCR - Nested PCR 
Gene Mutation, Beta globin, sickle cell, unstable repeats (FRA-X, DM, AR) , etc

Gene Transcription   RT- PCR, allele specific RT-PCR, multiplex RT-PCR

Gene Modification     Specific CpG methylation of X-linked  /  Imprinted genes

Cell recycling             PCR plus FISH



Single Cell PCR

Moving racks of tubes between water baths! – Holding and Monk
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Holding and Monk, Lancet 1989
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McMahon
Lindsay
Holding
Ao
Grant
Kenealy
Zuccotti

Monogenic disease genes

Zuccotti
Daniels
Kontogianni
Thornhill
Goto
Adjaye
Lorenzo
Huntriss
Salpekar
Hitchens





Diagnosis of egg by examination of polar body



Diagnosis of sickle cell 
in human polar body

Separate polar body and egg
(Peter Braude’s lab)

Nested PCR
amplificationamplification
of beta haemoglobin sequence 
over sickle cell mutation

in

Individual human oocytes 
and polar bodies.

Monk M and Holding C.
Lancet 335, 985-8 (1990)



Early Models for Preimplantation Diagnosis
Summary

Monk et al, 1987 Holding & Monk, 1989        Monk & Holding, 1990



Monk, Kenealy and Mohadjerani 1993



Holding, Thornhill & Monk  1994, 1996





Also sexing and DMD, Thornhill and Monk 1996





Gene expression and its regulation
in embryos and germ cells

• Direct analysis (one or two genes per embryo)

Expression of known genes  

Expression of imprinted genes

Epigenetic mechanisms of regulation of expression – CpG methylation

• Embryo and PGC amplified cDNA (unlimited analysis)

Comparison of expression of many genes within and between embryos

Identification of stage specific and treatment specific genes

(GV, MI, MII, embryos and PGCs    +/- S/O   +/- IVM      Marker genes)

Isolation of novel genes - oocyte-, embryo-, PGC-specific expressed genes

Isolation of embryo / cancer genes



cDNA libraries from single embryoscDNA libraries from single embryos
a limitless resource of all the expressed genes in a limitless resource of all the expressed genes in 

egg             2 cell           4 cell           8  cell           blastocyst        PGCsegg             2 cell           4 cell           8  cell           blastocyst        PGCs

Human eggs and embryos, surplus to IVF requirement and  
donated for research. 

Human fetal primordial germ cells, EC and ES cells

Lysed to release mRNA which is copied and amplified  as cDNA 

cDNA is cloned into vector for libraries

cDNA screened for known and novel embryonic genes



Somatic

Extra-Embryonic

M
et

hy
la

tio
n

Demethylation deprogramming 
and reprogramming in development

Sperm Pre-Blastocyst8CEgg Post-& Gastrulation

Extra-Embryonic

Germ Line

M
et

hy
la

tio
n

Monk, Boubelik & Lehnert   1987



Genes specifically expressed Genes specifically expressed 
in human embryonic cells?in human embryonic cells?

Initiation de-programming to proliferative stem cell

De-programming erasuregametic epigenetic programmes

Maintenance undifferentiated (archetypal) stem cell state  

Immortality Embryo stem cells removed from 

developmental constraints grow indefinitely       

ICM � ES     PGC � EG

Invasiveness  e.g.,trophectoderm,  PGC migration (OLF-R?)

Expression expected to be specific to embryos and germ cells



Human embryonic stem cells

Globally demethylated,
Self renewing and grow indefinitely in vitro

Undifferentiated and pluripotent

Invasive

Cancer cells share these properties
Isolate human embryonic and primordial germ cell genes 
which are not expressed in somatic cells.

Test their expression on cancer cells

New cancer genes?  New cancer vaccines?



Isolation and identification 
of oocyte-, embryo- and PGC-specific expressed genes

also expressed in cancers

Differential display 

DNA sequence       Design primers

Confirm stage specific expression (or treatment specific)

Confirm not expressed in range of somatic tissues

Test expression on range of cancer cDNAsTest expression on range of cancer cDNAs

Database analysis      Map     Identify pseudogenes

Extend sequences, identify gene exon/intron structure

Northern blot for protein 

Immuno-histochemistry on cancer sections

Co-expression with other CT genes

Presence of antibody in patient serum



ECSA stains basally located subpopulation of cells
in squamous cell NSCLC …putative cancer stem cells?
Monk & Holding, 1991 John, Fortunato, Cebon and Monk 
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Enrichment for CTAs in ECSA positive tumours
Caballero, Monk, Cebon, 



ECSA is co-expressed with CT antigens 
in stem cells in squamous cell NSCLC

ECSA & 

NY-ESO-1

NY-ESO-1 and MAGE-C1 stain many more cells in the tumour 
John et al, 2008

MAGE-C1
ECSA & 

NY-ESO-
1



ECSA is an immunogenic 
cancer stem cell gene

• Minority of cells, basally located, in lung cancer.

• Wide range of cancers - lung, colon, lymphoma, melanoma 

• Many CT genes are co-expressed with ECSA but they also 
extend into other derivative cells (NY-ESO-1, MAGE-C1)

• Caution - In vitro may not reflect in vivo!  
Passaged cancer cell lines and ES cells accumulate changes in gene 
expression  e.g., OCT4 in Clontech passaged cancers & cancer cell lines 
and BORIS in ES cells  

(Monk & Holding, 2001;  Monk, Hitchens & Hawes, 2008).



Early Models for Preimplantation Diagnosis
Summary

Monk et al, 1987 Holding & Monk, 1989        Monk & Holding, 1990
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Profiles of expression of ECSA, OCT4, 
BORIS and NANOG in embryos and 

cultured ES cells
• ECSA
Embryo-specific gene, putative cancer stem cell gene, expressed in 

high proportion of lung, liver and colon cancers.
Monk and Holding, 2001

• BORIS• BORIS
Brother of regulator of imprinted sites (brother of CTCF)
Expressed only in primary spermatocytes in testis (when CTCF off )
Candidate gene  for deprogramming in spermatogenesis
CT gene

Loukinov et al., 2002

• OCT4 and NANOG
Standard well-known embryonic genes



Different developmental 
profiles of expression

of OCT4, BORIS, ECS-A 

in human -

Gonads – testis and ovary

Oocytes

OCT4/GAPDH

BORIS/GAPDH
Preimplantation embryos

Primordial germ cells

Placenta

Fetal brain muscle and gut

Cumulus cells

Monk& Hitchins, 2006

BORIS/GAPDH

ECS-A/GAPDH



ECSA

ECSA

OCT4

NANOG

ECSA &
OCT4

ECSA 
&
NANO
G

DAP
I

Co-expression ECSA, BORIS, OCT4 and NANOG in human ES cells

BORIS

BORIS

OCT4

NANOG

G

BORIS &
OCT4

BORIS &
NANOG

Monk, Hitchins & Hawes, 2008









Slime mould amoebae

Dictyostelium discoideum

1970  -19741970  -1974



Movement band

Still band







Differential display identifies 
human embryo-specific expressed genes
ooc        4c         8c       bla          somatic        PGC

ECS    1 2 3    1 2 3     1 2 3   1 2  3    b m g    b m g   M F

A

BB

C

D

E

Monk & Holding, 2001


