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Dissertation  Abstract  

  

  

Whole  and  segmental  chromosomal  abnormalities,  or  aneuploidy,  are  a  key  determinant  

of   whether   embryos  will   arrest   or   form   a   normal   blastocyst   capable   of   implanting   and  

growing   into   healthy   offspring.   Despite   the   implementation   of   preimplantation   genetic  

screening  and  other  advanced   IVF   techniques,   the   identification  of  aneuploid  embryos  

remains   complicated   by   high   rates   of   mosaicism,   atypical   cell   divisions,   cellular  

fragmentation,   sub-­chromosomal   instability,   and  micronucleation.   Recent   technological  

achievements   in   genetic   and   non-­invasive   imaging   have   provided   additional   embryo  

assessment  approaches,  particularly  at  the  single-­cell  level,  but  fertility  clinics  are  slow  to  

adopt  these  practices.  Despite  these  advances,  basic  research  for  embryonic  aneuploidy  

is  limited  because  of  restrictions  placed  on  human  embryos  and  the  cost  associated  with  

recruiting  young  donors  for  invasive  medical  procedures.  The  mouse  has  always  been  a  

powerhouse  model  for  embryology,  but  it  is  not  ideal  for  the  study  of  aneuploidy  since  1-­

4%   of   embryos   experience   aneuploidy   whereas   50–80%   of   cleavage-­stage   human  

embryos  will  carry  abnormal  chromosome  number(s).    

  

In  this  dissertation,  the  rhesus  macaque  embryo  was  evaluated  for  aneuploidy  frequency  

to  determine  if  it  is  a  suitable  translation  model  to  study  human  embryology.  Using  single-­

cell  DNA-­Sequencing,   chromosome   instability  was   established   in   the   rhesus  macaque  

monkey  model  and  found  to  occur  in  74%  of  embryos  at  a  nearly  identical  rate  to  human  

embryos.  Additional   findings  of   reciprocal   sub-­chromosomal   deletions  and  duplications  

support   previous   reports   that   chromosome   breakage   is   common   in   human   embryos.  

Pairing   sequencing   technology   with   non-­invasive   live-­cell   time-­lapse   imaging   revealed  

that  multipolar  divisions  were  present  as  well  and  often   resulted   in  chaotic  aneuploidy,  



 2 

which  is  defined  as  greater  than  five  whole  or  segmental  chromosomes  affected  in  at  least  

one  blastomere  where  chromosome  distribution  amongst  cells  appeared  unconstrained  

and  random  [1].  Furthermore,  measuring  cell  cycle  division  intervals  to  the  four-­cell  stage,  

was  predictive  of  whether  an  embryo  would  reach  the  blastocyst  stage  or  arrest.  When  

the   cellular   fragments   of   embryos   were   also   sequenced,   ~20%   of   rhesus   macaque  

embryos  contain  cellular  fragments  that  encapsulate  whole  or  partial  chromosomes,  either  

maternal   or   paternal   origin.   Confocal   microscopy   revealed   that   indeed,   micronuclei  

containing   missegregated   chromosomes   are   found   within   the   cellular   fragments   of  

cleavage  stage  embryos.  These  ejected  micronuclei  experienced  extensive  DNA  damage  

which  may  indicate  their  expulsion  for  this  reason.  Despite  frequent  chromosomal  errors,  

rhesus  macaque  embryos  were  also   found   that  prevented  cellular   fragments  and  non-­

dividing  blastomeres   from   incorporating   at   the   blastocyst   stage.  The   findings   from   this  

study  propose  that  embryos  respond  to  segregation  errors  by  eliminating  micronuclei  via  

cellular  fragmentation  and  select  against  and  exclude  aneuploid  blastomeres  to  overcome  

chromosome   instability.  Overall,   the  rhesus  macaque  embryo   is  an  excellent  model   for  

translational   studies   for   human   embryonic   aneuploidy   and   measuring   morphokinetic  

parameters   for   developing   time-­lapse   imaging   technology.   Furthermore,   the   rhesus  

macaque  embryo  exhibits  two  potential  mechanisms  for  overcoming  aneuploidy  through  

cellular   fragmentation   and   blastomere   exclusion,   mechanisms   that   might   explain   how  

aneuploidy  is  tolerated  in  the  embryo  to  yield  viable  pregnancies  and  healthy  offspring.    
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Introduction  and  Literature  Review  

  

  

Overview  of  aneuploidy  in  human  embryos  

  

The   formation   of   a   blastocyst   is   one   of   first   major   landmarks   in   early   mammalian  

development  and  yet,  only  ~30-­50%  of  preimplantation  embryos  will   typically  reach  this  

stage   following   IVF   [2].   In   contrast,   approximately   80%   of   mouse   embryos   will   form  

blastocysts   when   cultured   in   vitro.   Although   the   cause(s)   of   embryo   arrest   may   differ  

between  species,  an  abnormal  number  of  whole  chromosomes,  or  aneuploidy,  is  thought  

to  be  a  primary  determinant  of  whether  a  human  embryo  will  progress  in  development  [3].  

To  complicate  matters,  despite  the  higher  probability  that  aneuploid  embryos  will  arrest  at  

the   cleavage-­stage,   embryos   with   chromosomal   abnormalities   still   form   blastocysts,  

where   embryos   with   viable   trisomies   (e.g.,   trisomy   21)   are   morphologically  

indistinguishable  from  euploid  embryos,  especially  when  evaluated  by  static  observations  

[4,  5].    

  

In  vitro  fertilization  success  rates  hover  around  ~30-­35%  (cdc.gov/art)  when  all  patient  age  

groups  are  combined.  These   low  rates  are  mainly  due   to  whole  and  sub-­chromosomal  

abnormalities  that  arise  during  preimplantation  development  [3].  Over  the  past  decades,  

implementation  of  more  advanced,  yet  invasive,  IVF  techniques  such  as  intracytoplasmic  

sperm  injection,  preimplantation  genetic  screening  (PGS),  and  assisted  hatching  has  not  

dramatically   changed   the   percentage   of   live   births   [6-­8].   These   odds   only   continue   to  

worsen  as  it  is  well  documented  that  meiotic  chromosome  segregation  errors  increase  in  

the  oocyte  with  age  [9].  For  instance,  it  is  estimated  that  for  women  40  years  and  older,  

30%  of  recognized  conceptions  will  be  trisomic  [10].  These  numbers  are  cause  for  concern  
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as  the  use  of  IVF  has  created  over  5  million  children  worldwide,  has  more  than  doubled  in  

the  past  decade,  and   is  expected   to  continue   to   increase  as   reproductive-­age  couples  

delay  childbirth  [11].  With  the  exception  of  trisomy  13,  18,  21,  and  abnormalities  in  the  X-­  

or  Y-­chromosome,   the  vast  majority  of  human  embryonic  aneuploidies   involving  whole  

chromosomes  are  incompatible  with  live  birth.  It  should  also  be  noted  that  there  are  high  

infant   mortality   rates   associated   with   trisomy   13   (Patau   syndrome)   and   trisomy   18  

(Edwards  syndrome),  with  only  a  small  number  of  infants  surviving  past  one  year.  For  IVF-­

derived   embryos,   those  with   aneuploidy   will   likely   arrest   either   prior   to   transfer   to   the  

mother,  fail  to  implant  if  transferred,  or  spontaneously  abort  early  in  gestation  [12].  In  the  

case  of   in  vivo  human  conceptions,  an  aneuploid  embryo  may  undergo  arrest  before  a  

pregnancy  is  detected  and  thus  go  unnoticed.  Although  distinctions  between  in  vitro  and  

in   vivo   conceptions   are   difficult   to   ascertain,   studies   estimate   that   ~30-­35%  of   natural  

conceptions  lead  to  human  pregnancies  and  up  to  70%  of  spontaneous  miscarriages  are  

diagnosed  as  chromosomally  abnormal  [13-­16].  

  

Aneuploidy  is  not  unique  to  human  preimplantation  development  as  other  mammals  are  

prone  to  chromosome  missegregation  in  embryos  [17].  For  animal  species  that  are  often  

used   for  embryology,   the  numbers   vary.  Mouse  embryos  exhibit   aneuploidy  at  ~1-­4%,  

depending  on  the  strain  [18-­20].  In  the  bovine  model,  one  study  determined  that  up  to  74%  

of  cleavage  stage  embryos  derived  from  in  vitro  matured  oocytes  are  abnormal,  containing  

at   least   one   aneuploid   blastomere   [21].   However,   all   of   the   oocytes   collected   for   this  

bovine   study   were   immature   and   in   vitro   maturation   (IVM)   increases   aneuploidy   by  

itself[22].  More  importantly,  this  is  not  the  procedure  used  in  >98%  of  human  IVF  cycles,  

whereby  oocytes  are  matured   in  vivo  for  aspiration  and  then  undergo  IVF  (cdc.art/gov).  

Previous   studies   with   rhesus   macaque   embryos   using   DNA-­fluorescent   in   situ  

hybridization  (DNA-­FISH)  probes  to  human  chromosomes  13,  16,  18,  X,  and  Y  indicated  
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that  the  level  of  aneuploidy  in  rhesus  macaque  embryos  is  35-­50%  [23-­25].  However,  it  

does  appear  that  humans  are  affected  by  a  higher  incidence  than  most  other  mammalian  

species,  whereby  it  is  estimated  via  high-­resolution  techniques  that  50-­80%  of  cleavage  

stage  embryos,  including  those  from  both  young  and  fertile  women,  will  have  aneuploidy  

[26-­31].  With  this  to  consider,   it   is   important  to  address  causes  of  aneuploidy  in  human  

embryos  with  appropriate  models.  Although  aneuploidy  can  be  chemically  induced  in  the  

mouse  [20],  determining  the  mechanisms  that  drive  the  high  incidence  of  meiotic  or  mitotic  

aneuploidy  will  require  animal  models  that  are  affected  by  a  similar  degree  of  aneuploidy  

to  human  embryos.  Given  that  aneuploidy  can  affect  human  embryos  even  from  young  

and  otherwise  fertile  individuals,  aneuploidy  in  the  embryo  appears  to  be  a  common  [32,  

33].  With  the  increased  demand  for  IVF  for  a  spectrum  of  patients,   it   is  paramount  that  

further   research   continues   to   elucidate   the   causes   of   chromosome   missegregation,  

understand   how   the   embryo   responds   to   aneuploidy,   and   finally   improve   our   ability   to  

detect  these  events.    

  

  

Aneuploidy  detection  approaches  for  embryo  biopsies  

  

The  introduction  of  preimplantation  genetic  screening  has  provided  a  sufficient  means  for  

aneuploidy   detection   in   IVF   embryos.   However,   there   are   several   challenges   with  

implementing  these  methodologies  and  interpreting  results,  including  the  assumed  risk  of  

detriment   to   the  embryo  during  biopsy   [34],  chromosomal  mosaicism  between  different  

cells  or  cell  lineages  [33,  35-­37],  the  effects  of  sub-­chromosomal  aberrations  [26-­29]  on  

subsequent  development,  and  the  mathematical  improbability  that  a  trophectoderm  biopsy  

of  5-­7  cells  accurately  reflects  the  chromosomal  composition  of  a  ~300  cell  blastocyst  [38].  

Recent   identification   of   common   genetic   variants   in   patients   that   are   at   high-­risk   for  



 6 

producing   aneuploid   embryos   adds   further   complexity   to   the   pathways   involved   in  

preimplantation  chromosomal  instability  [39].    

  

Methods   for  PGS  have  changed   rapidly   since   the   first   clinical   report   in  1988  by  Elena  

Kontogianna   where   single-­blastomeres   were   biopsied   for   sexing   by   polymerase   chain  

reaction  that  targeted  a  repeat  dense  region  of  the  Y  chromosome  [40].  Previously  in  this  

field,  PGS  has  included  DNA-­FISH  or  array  comparative  genomic  hybridization  analysis  

of  polar  bodies  and  blastomeres  to  detect  meiotic  and  mitotic  aneuploidy  [41-­45].  Now,  

the   most   common   type   of   PGS   is   array   comparative   genomic   hybridization   of  

trophectoderm   biopsies   that   contain   ~5-­7   cells.  While   the   blastocyst   stage   is   a   better  

indicator  of  implantation  potential,  mosaicism  is  still  problematic  [46].  Discussed  below  are  

five   PGS   approaches:   DNA-­FISH,   array   comparative   genomic   hybridization   (aCGH),  

single   nucleotide   polymorphism   (SNP)   arrays,   real-­time   quantitative   polymerase   chain  

reaction  (RTqPCR),  and  next-­generation  whole  genome  DNA  sequencing  (DNA-­Seq).  

  

In  the  past,  the  most  frequently  used  method  for  diagnosing  aneuploidy  was  PGS  of  day  

3  biopsied  blastomeres  via  DNA-­FISH  [47].  Briefly,  DNA-­FISH  is  a  cytogenetic  technique  

that   involves   using   fluorescent   probes   that   are   complementary   to   specific   regions   of  

chromosomes,  often  centromere-­specific  or  locus-­specific.  For  PGS  of  day  3  blastomeres,  

DNA-­FISH  is  performed  on  cells  that  are  spread,  lysed,  and  fixed  at  interphase.  Probes  

are   selected   for   sex   determination,   ploidy,   chromosomal   rearrangements,   or   sporadic  

chromosome  aneuploidy.  Since  chromosome  copy  number  is  determined  by  fluorescence  

signals,  typically  two  rounds  of  hybridization  are  needed  for  one  nucleus  to  detect  more  

than   three   chromosomes   [48].   DNA-­FISH   for   PGS   of   blastomeres   has   two   significant  

challenges  compared  to  using  this  technique  in  other  cell  types.  First,  only  one  or  two  cells  

are  available  for  analysis,  so  it  is  necessary  that  DNA-­FISH  is  performed  by  a  highly  skilled  
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cytogeneticist  since  there  is  no  room  for  error.  Secondly,  the  turnaround  time  for  results  

must  be  within  one  or  two  days  for  a  fresh  day  five  transfer  so  the  protocol  must  be  efficient  

[49].  Unfortunately,  DNA-­FISH  can  result  in  false  positives  or  negatives  due  to  procedural  

artifacts   and   is   limited   to   the   simultaneous   analysis   of   only   a   select   number   of  

chromosomes,   typically   between   five   and   twelve   of   the   most   frequently   affected   like  

chromosomes  21,  X,  and  Y  [33,  35-­37].  Thus,  several  studies  initially  underreported  the  

incidence  of  human  embryonic  aneuploidy  since  all  24  chromosomes  can  potentially  be  

affected,  particularly  in  cases  of  mitotic  errors  [27,  29].  Considering  these  shortcomings,  

DNA-­FISH   has   been   replaced   by   more   comprehensive   karyotyping   methods   that   are  

described  below.    

  

When  whole  genome  amplification   technology  became  available,   the  PGS   field  shifted  

from  DNA-­FISH  to  aCGH  and  SNP  microarrays  to  evaluate  all  24  human  chromosomes.  

Studies   using   aCGH   or   SNP   microarrays   to   examine   blastomere   biopsies   from   high-­

quality  whole  human  embryos  have  demonstrated  that  50-­80%  of  human  embryos  at  the  

cleavage-­stage   have   one   or   more   blastomeres   that   are   aneuploid.      Both   microarray  

platforms   amplification   of   embryo   biopsies   to   produce   enough   DNA   for   hybridizing   to  

millions   of   oligonucleotide   probes   on   a  microarray.   For   the   purpose   of   detecting   copy  

number  variations,  combination  pre-­amplification  and  PCR-­based  amplification  methods  

(e.g.,  PicoPlex  by  Rubicon  Genomics  and  MALBAC  by  Yikon  Genomics)  are  more  reliable  

for  uniform  CNV  detection  because  of  reduced  amplification  bias  [50].    However,  for  SNP  

arrays,   accurate   allele   representation   is   crucial   and   therefore   multiple   displacement  

amplification  WGA  is  preferred  since  there  is  less  allele  drop-­out  [51].    

  

The   principle   behind   “two-­color”   aCGH   is   competitive   hybridization   to   the   microarray  

between  the  DNA  of  the  sample  and  normal  euploid  reference  DNA.  The  reference  DNA  
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is  labeled  with  one  color  probe,  and  the  experimental  sample  has  a  separate  color  probe.  

Both  the  reference  and  sample  DNA  are  fragmented  and  loaded  onto  the  microarray  in  

equal   quantities.   The  DNA   is   allowed   to   hybridize   for   several   hours   to   oligonucleotide  

probes   that   represent   thousands   of   unique   regions   throughout   the   genome.   After  

hybridization,  the  aCGH  microarray  is  scanned  to  record  a  digital  image  for  CNV  analysis.  

The   intensity   of   these   different   probes   is   compared   using   a   Log2   ratio   calculation   to  

determine   copy   number   changes   [52].   Since   aCGH   covers   approximately   30%   of   the  

genome  and  can  only  detect  gross  chromosomal  abnormalities  due  to  a  lower  threshold  

of  approximately  1-­10  MB  [53],  sub-­chromosomal  aberrations  smaller  than  this  resolution  

are  missed  by  aCGH.  

    

Unlike   aCGH   where   there   is   competitive   hybridization   between   the   sample   and   the  

reference  DNA,  SNP  arrays  only  require  hybridization  of  the  sample  DNA,  but  the  same  

principle  is  maintained  because  the  probes  represent  the  normal  diploid  reference.  The  

SNP  array  differs  in  that  it  contains  allele-­specific  oligonucleotide  probes  for  various  single  

nucleotides  across  the  genome  that  vary  in  the  population.  These  probes  come  in  pairs,  

one   for  each  allele  set.  Software  can   then  be  used   to  align   the  SNPs   in  chromosomal  

order  and  determine  their  copy  number  based  on  allele  frequency  as  determined  by  the  

signal  ratio  of  SNP-­specific  probes.  Blocks  of  the  genome  where  there  is  change  in  allele  

frequency   can   be   interpreted   as   CNVs   for   partial   or   whole   chromosomes.   There   are  

several  advantages  to  performing  SNP  arrays  including  the  detection  of  allelic  imbalances  

which   can   reveal   triploidy   and   mosaicism   or   uniparental   disomies,   gynogenesis,   or  

androgenesis  if  copy-­neutral  Loss  of  Heterozygosity  is  found.  Therefore,  the  added  benefit  

of   utilizing   SNP   arrays   is   the   detection   of   ploidy   errors   in   addition   to   CNVs   [52].  

Furthermore,  if  the  disease-­causing  genes  from  the  parents  are  known  then  haplotyping  

can  determine  if  the  embryo  acquired  pathogenic  genes  that  are  embedded  among  SNPs  
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detected  by  the  array.  Furthermore,  because  less  sample  DNA  is  needed  for  a  SNP  array,  

a  single  gene  mutation  can  be  validated  by  PCR  with  the  remainder  of  the  sample  [54].  

The  field  of  PGS  is  quickly  shifting  to  next-­generation  DNA-­Seq  for  CNV  detection  now  

that  costs  have  improved,  and  preimplantation  diagnostics  corporations  like  Igenomix  and  

CooperGenomics  (formerly  Reprogenetics)  have  stopped  offering  aCGH.  Next-­generation  

whole   genome   DNA-­Seq   comprehensively   assess   aneuploidy   in   human   embryos,  

including  at  the  single-­cell  level  with  much  less  sample  input  [55-­57].  These  samples  also  

undergo   WGA,   preferably   with   combination   pre-­amplification   and   PCR-­based  

amplification   methods.   During   WGA   of   each   sample,   short   fragments   of   DNA   are  

amplified,   and   unique   indices   are   ligated.   These   indices   have   adapter   sequences   that  

allow  single-­stranded  DNA   fragments   to  anneal   to  probes  on   the  surface  of   flow  cells.  

From  there,  the  DNA  fragment  undergoes  clustering  by  solid-­phase  bridge  amplification  

so   that   each   DNA   fragment   is   clonally   expanded.   After   clusters   are   formed,   DNA  

sequencing   begins   on   the   forward   strand   where   fluorescently   tagged   nucleotides  

complimentary   the  DNA   fragment   are   added   to   the   single   strand.   For   each  nucleotide  

added,  a   fluorescent  signal   is  captured  to  determine  the  base  pair  call.  This  process   is  

repeated  for  50-­300  base  pairs,  depending  on  the  sequencing  platform  used.  Using  this  

approach,  hundreds  of  millions  of  DNA  fragments  can  be  sequenced  in  one  run.  These  

sequences  are  then  groomed  so  that  only  high-­quality  reads  are  aligned  to  the  genome  

(https://www.illumina.com).   Downstream   CNV   analysis   only   requires   about   1   million  

unique  reads  after  mapping  so  in  a  few  hundred  barcoded  samples  can  be  simultaneously  

sequenced  with  low  coverage  by  multiplexing  if  high  output  kits  are  used  [58].  Lastly,  next-­

generation   sequencing   also   allows   for   the   analysis   of   repetitive   DNA   sequences   [59],  

balanced  chromosomal  rearrangements  when  paired-­end  sequencing  is  used  in  single-­

cells,  as  well  as  an  initial  map  of  insertion  and  deletion  variation  in  the  genome  [60].    

  



 10 

To  counter  the  time  consuming  methods  of  DNA-­FISH  and  whole  genome  amplification  

for  aCGH  and  SNP  microarrays,  fluorescent  RTqPCR  was  developed  as  an  alternative  for  

PGS  [61].  The  protocol  for  rapid  PGS  in  four  hours  involves  embryo  biopsy  lysis,  multiplex  

preamplification  PCR  of   four   loci   per   chromosome,  RTqPCR,   and   analysis   [61].  While  

RTqPCR  provides  a  more  rapid  method  for  ploidy  assessment,  the  multiplex  amplification  

and   relative   quantitation   of   only   96   presumably   single   copy   loci   (four   on   each  

chromosome)  does  not  allow  for  the  identification  of  all  potential  segmental  aneuploidy  in  

embryos.   Given   that   certain   sub-­chromosomal   aberrations,   such   as   homozygous   or  

hemizygous   deletions,   large   duplications   or   amplifications,   and   regions   of   de  

novo  uniparental  isodisomy  may  induce  embryonic/fetal  lethality  and  are  one  of  the  major  

causes  of  developmental  disorders  in  offspring  that  survive  to  birth  [62,  63],  it  is  important  

to  evaluate  both  whole  and  sub-­chromosomal   instability   in  embryos.  Moreover,  as   this  

technology   is  still   impacted  by  mosaicism  and  has  only  been  applied   to   trophectoderm  

biopsies  [64-­66],  which  generally  consist  of  between  5  and  10  cells,  it  remains  unknown  if  

RTqPCR  can  reliably  detect  aneuploidy  in  single  cells.  

  

Time-­lapse  monitoring  for  non-­invasive  assessment  of  embryo  quality  

  

Despite   the   prevalence   and   advantages   for   using   PGS   to   select   euploid   embryos   for  

transfer,  biopsies  are  invasive  and  the  slightest  mechanical  error  may  hinder  subsequent  

development.  Considering  this,  the  limitations  and  risks  associated  with  PGS  illustrate  the  

need  for  alternative  approaches  for  embryo  selection.  One  such  approach  has  been  the  

implementation  of  time-­lapse  imaging  to  monitor  embryos  throughout  development  rather  

than  at  specific  time  points  that  may  not  reveal  subtle  differences  in  embryo  behavior  (Fig.  

1b).  While  initial  studies  focused  on  the  utility  and  safety  of  time-­lapse  monitoring  (TLM)  

[67-­71],  once   it  was  determined  that  TLM  was  not  detrimental   to  embryo  development,  
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several   groups   began   to   investigate   whether   there   were  morphological,   spatial   and/or  

temporal  correlates  between  imaging  behavior  and  embryo  quality  [17,  72,  73]  (Fig.  2).  In  

2010,  Wong  and  colleagues  demonstrated  that  TLM  could  be  used  to  predict  blastocyst  

fate  prior   to  embryonic  genome  activation   (EGA)  by  measuring   the  duration  of   the   first  

cytokinesis  and  time  between  the  second  and  third  mitotic  divisions  [72].  Since  this  initial  

report,  other  studies  have  confirmed  the  importance  of  early  cleavage  divisions  as  well  as  

identified  additional  imaging  parameters  predictive  of  developmental  success  [73-­84]  (Fig.  

2).  Whether  the  first  three  mitotic  divisions  are  similarly  prognostic  for  other  mammalian  

species  besides  the  human  remains  to  be  determined,  but  an  examination  of  early  mitotic  

timing  in  murine,  bovine,  and  rhesus  monkeys  has  suggested  that  this  may  be  the  case  

[85-­87].    

  

In   a   follow-­up   study,  Chavez  et   al.   determined   that   the   timing   of   the   first   three  mitotic  

divisions,   in   conjunction   with   assessment   of   a   dynamic   process   called   cellular  

fragmentation,  might  also  be  used   to   largely  distinguish  euploid   from  aneuploid  human  

embryos  at  the  cleavage-­stage  [27].  It  is  important  to  note,  however,  that  approximately  

12%   of   aneuploid   embryos   from   this   study   exhibited   normal   parameter   timing   and   no  

cellular  fragmentation,  indicating  that  certain  embryos  can  appear  euploid  at  least  up  to  

the  4-­cell  stage.  Upon  further  examination,  these  embryos  all  had  incurred  mitotic  errors  

with  4  chromosomes  or  less  affected  to  suggest  that  if  they  were  allowed  to  progress  in  

development,  perhaps  additional   later   imaging  parameters  might  be  used  to  distinguish  

chromosomally  normal  and  abnormal  embryos.  Indeed,  other   imaging  parameters  such  

as  pronuclear  disappearance,   time   to  5th   cell,   initiation  of  cavitation,  and  completion  of  

blastulation  may  also  differentiate  between  euploid  and  aneuploid  cleavage-­stage  human  

embryos  as  well  as  blastocysts  [64,  88-­91]  (Fig.  2).  Although  it  is  known  that  aneuploidy  

often  results  in  the  absence  of  or  delayed  blastulation  [92,  93],  no  study  has  yet  observed  
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a  direct   correlation  between   the   first   cell   division   in   aneuploid   embryos  and  blastocyst  

formation  either  because  this  parameter  was  not  evaluated  or  it  was  not  measured  from  a  

shared  start  point  such  as  time  from  insemination  [94-­96].  This  is  imperative  since  meiotic  

errors   are   likely   to   cause   a   delay   in   the   first   mitotic   division.   In   addition,   cellular  

fragmentation,  which  frequently  occurs  at  the  1-­  to  2-­cell  stage,  appears  to  be  associated  

with  spindle  formation  and  progression  through  meiosis  and  mitosis  [97]  [27].  Recently,  

Rodriguez  and  colleagues  demonstrated   that   the  duration  of   the   first  mitotic  division   is  

predictive  of  embryo  chromosomal  status  up  to  approximately  the  8-­cell  stage,  but  whether  

this  imaging  parameter  is  similarly  predictive  beyond  8-­cells  is  unknown  [98].  Additional  

studies   have   also   reported   a   significant   difference   in   the   duration   of,   or   synchrony  

between,   the   second   and   subsequent   mitotic   divisions   in   euploid   versus   aneuploid  

embryos   that   reach   the   blastocyst   stage,   however   others   have   observed   no   such  

correlation  [92,  94-­96].  Taken  together,  this  suggests  that  aneuploidy  can  have  differential  

effects   on   preimplantation   development,   depending   on   the   number   of   abnormal  

chromosomes  and  at  which  stage  the  error(s)  occurred.  Perhaps  future  studies  using  high-­

resolution  live-­cell  imaging  of  chromosome  dynamics  will  more  precisely  determine  how  

chromosomal  missegregation  impacts  embryo  cell  division  behavior.  

  

Clinical   validation   of   these   findings   is   required  and   recent   retrospective   or   prospective  

registered  clinical  trials  of  patient  embryos  have  confirmed  the  importance  of  certain  cell  

cycle  parameters  in  predicting  blastocyst  formation  and/or  aneuploidy  risk  [99-­101]  (Fig.  

2).  While   there   currently   is   some   debate   as   to   whether   TLM   is   actually   beneficial   for  

embryo   selection   [102]   and   the   assessment   of   ploidy   status   [64]   the   first   randomized  

control  trial  evaluating  implantation  rates,  ongoing  pregnancy,  and  early  pregnancy  loss  

suggests  that  TLM  is  more  effective  than  conventional  IVF  techniques  [103].  It  remains  to  

be  determined,  however,  if  dynamic  imaging  analysis  can  also  positively  impact  live  birth  
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rates,  particularly  in  cases  of  single  embryo  transfers.  It  is  also  important  to  note  that  when  

comparing  these  time-­lapse  studies,  any  discrepancy  in  findings  may  be  due  to  differences  

in  the  stage  of  preimplantation  development  evaluated,  whether  only  a  portion  of  or  whole  

embryos  were  analyzed,  and  how  the  imaging  parameters  were  measured.  Moreover,  the  

use   of   a   common   procedural   start   point   such   as   the   time   of   intra-­cytoplasmic   sperm  

injection   can   have   confounding   effects   on   the   measurement   of   other   overlapping  

parameters  as  recently  shown  by  a  study  that  implemented  a  biological  start  point  instead  

[104].  Lastly,  which  method(s)  of  ploidy  assessment  used   is  also  a  consideration  since  

array-­based  and  sequencing  approaches  are  far  more  comprehensive  than  RTqPCR  and  

DNA-­FISH,   which   may   influence   the   interpretation   of   results.   Nevertheless,   despite  

evidence   that   the   measurement   of   developmental   kinetics   can   differentiate   a   large  

proportion  of  aneuploid  embryos  from  those  that  are  euploid,  chromosomally  normal  and  

abnormal  embryos   that  appear  and  behave  similarly  may  be   indistinguishable  and  still  

require  PGS  and/or  additional  screening  [27,  90].  

  

Based   on   observations   that   the  measurement   of   imaging   parameters   can   be   diverse,  

subjective,   and   rather   time-­consuming   especially   in   cases   of   abnormal   cell   divisions,  

several  studies  have  investigated  the  use  of  computer-­assisted  technologies  for  embryo  

selection   [89,   100,   105-­107]   (Fig.   2).   The   initial   focus   of   these   reports   was   on   the  

implementation  of  algorithms  for  automated  cell   tracking  and/or  aneuploidy  risk  models  

for  embryo  classification.  In  addition,  Conaghan  and  colleagues  also  demonstrated  that  

morphology  plus  automated  cell  tracking  improved  embryo  selection  particularly  among  

high  quality  embryos  and  reduced  inter-­individual  variability  when  used  adjunctively  [100].  

Additional   studies   have   concentrated   on   the   correlation   between   computer-­derived  

embryo   scoring   and   clinical   pregnancy   rate   with   promising   results   as   well   as   other  

algorithms  for  the  classification  of  embryo  potential  or  ploidy  status  [89,  105-­107].  Given  
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the   inherent   diversity   in   embryo   kinetics   and   vast   differences   in   IVF   routine   between  

clinics,  it  will  be  important  to  determine  if  clinic-­specific  or  even  patient-­specific  algorithms  

are  necessary  for  embryo  classification.  

  

  

Current  knowledge  for  causes  of  chromosome  missegregation  in  embryos  

  

Chromosomal  missegregation   in  oocytes  during  meiosis  has   long  been  considered   the  

primary  reason  for  aneuploidy,  especially  in  cases  of  advanced  maternal  age.  However,  

recent   studies   using   comprehensive   chromosome   screening   of   all   blastomeres   in  

cleavage-­stage  human  embryos  have  established  that  mitotic  errors  occur  at  an  equal  or  

greater  frequency  than  meiotic  errors  in  embryos  from  women  of  average  maternal  age  

[26,   39,   46,   108-­110].   Mitotic   nondisjunction   and/or   lagging   chromosomes   during  

anaphase  may  not  only  lead  to  aneuploidy,  but  can  also  give  rise  to  a  mosaic  embryo  with  

different  chromosomal  copy  number  amongst  cells.  To  determine  the  possible  causes  of  

aneuploidy  in  preimplantation  embryos,  research  has  primarily  focused  on  the  cellular  and  

molecular   players   involved   in   the   fidelity   of   correct   chromosome   segregation   during  

meiosis  and/or  mitosis.    

  

Given  the  complexity  of  meiosis  during  oogenesis  and  the  age  of  oocytes  upon  maturation,  

it  is  not  surprising  that  the  majority  of  meiotic  errors  can  be  traced  back  to  the  maternal  

chromosomes   [111].   Oocytes   remain   in   meiotic   arrest   from   fetal   life   until   meiosis   is  

resumed,  in  some  cases  several  decades  after  puberty.  The  lack  of  or  improper  placement  

of   chiasmata   increases   with   maternal   age   which   in   turn   increases   the   risk   for   non-­

disjunction  due  to  altered  patterns  of  recombination  [112,  113].  Cytogenetic  analyses  of  

spontaneous  miscarriages,  stillbirths,  and  newborns  determined  that  up  to  70%  of  meiotic  
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aneuploidies   originated   from   the   oocyte,   depending   on   which   chromosome(s)   was  

affected  [114-­116].  This  percentage,  of  course,  does  not  take  into  account  pregnancies  

that  miscarried   during   the   first   few  weeks   of   gestation   and  were   not   detected.   In   vitro  

fertilization  and  other  artificial   reproductive   technology  procedures  have  suggested   that  

meiotic   error   rates   in   women   are   relatively   high   in   comparison   to   other   mammalian  

species,  with  approximately  20-­25%  of  human  oocytes  identified  as  aneuploid  [111].  The  

incidence  of  human  aneuploidy  also  increases  with  maternal  age  since  as  many  as  50%  

of   pregnancies   are   diagnosed   as   aneuploid   in   women   over   the   age   of   40   [117,   118].  

However,  mosaic  aneuploidies,  which  are  mitotically  derived,  are  generally  not  correlated  

with  advanced  maternal  age  [119-­121],  except  in  cases  of  mitotic  non-­disjunction  [122].    

  

Although   meiotic   errors   can   occur   during   either   fetal   oogenesis   or   the   resumption   of  

meiosis   several   decades   later,   the   considerable   time   between   the   initiation   and   the  

completion   of  meiosis   is   likely   to   contribute   to   the   alteration   or   degradation   of   factors  

important   for  chromosome  segregation   fidelity.  Since   the  major  wave  of  EGA  does  not  

occur  until  approximately  the  4-­  to  8-­  cell  stage  in  human  embryos,  the  first  cell  divisions  

are   highly   dependent   on   the   large   pool   of   maternal   messenger   RNAs   (mRNAs)   and  

proteins   provided   by   the   oocyte   [123].   This   is   supported   by   findings   that   the   oocyte  

cytoplasm  alone  is  sufficient  to  reprogram  a  somatic  cell  capable  of  development  to  the  

blastocyst  stage   [124].  Thus,  defective  maternal   resources   from   the  oocyte,  along  with  

relaxation  or  absence  of  cell  cycle  checkpoints,  may  contribute  to  aneuploidy  and  allow  

embryos  to  proceed  in  mitosis  [125-­127].  By  definition,  these  factors  are  termed  maternal-­

effect  genes  since  they  are  initially  transcribed  during  oogenesis.  In  the  mouse,  several  

maternal-­effect  genes  have  been   identified   (for   review  see  Li  et  al.,  2010)  and   include  

factors  associated  with  remodeling  sperm  chromatin,  EGA,  and  de  novo  DNA  methylation  

[128]   (Fig.  1c).  For  example,   remodeling  of   the  male  genome  can   lead   to  DNA  breaks  
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[129],   and   the   maternally-­derived   ubiquitin-­conjugating   enzyme,   UBE2A   [130],   repairs  

sperm  chromatin  in  preparation  for  EGA.  Other  maternal-­effect  genes  such  as  ZFP36L2  

ring  finger  protein-­like  2  [131]  and  autophagy  protein  ATG5  [132]  are  involved  in  maternal  

messenger  RNA  (mRNA)  and  protein  degradation,  respectively.    

  

The  expression  of  certain  maternal  RNAs  and  proteins  can  persist  beyond  the  oocyte-­to-­

embryo   transition.  To   complicate  matters,   particular  maternal   effect   genes  may  not   be  

expressed   until   after   EGA,   making   it   difficult   to   differentiate   between   maternal   and  

embryonic   effects   [128].   Multi-­protein   complexes   of   maternal   origin,   such   as   the  

subcortical   maternal   complex,   have   also   been   shown   to   be   important   for   embryonic  

progression  beyond  the  2-­cell  stage  in  mouse  embryos  [133]  (Fig.  1c).  The  subcortical  

maternal   complex   is   a   group   of   at   least   five   proteins,   including   FLOPED/Ooep,  

MATER/Nlrp5,  TLE6,  Padi6,   and  FILIA/Khdc3,  which   localize   to   cytoplasmic   lattices   in  

mouse  oocytes  [134].  Interestingly,  depletion  of  FILIA  leads  to  mitotic  aneuploidies.  This  

is  most   likely   due   to   the   role   of  FILIA   in   assembling   key   spindle   components   such  as  

AURKA,   PLK1,   and   γ-­tubulin   to   the  microtubule   organizing   center   (MTOC)   as  well   as  

MAD2  to  kinetochores  [135].  In  a  study  by  Yu  et  al.  [136],  the  subcortical  maternal  complex  

was   also   shown   to   control   symmetrical   divisions   in  mouse   zygotes   by   influencing   the  

central  position  of  the  mitotic  spindle  via  Cofilin,  a  key  regulator  of  F-­actin  assembly.  These  

observations  may   be   explained   by   evidence   that  Tle6  null  mice   exhibit   unequal   sized  

blastomeres   and   cellular   fragmentation,   a   phenotype   more   often   observed   in   higher  

mammals  such  as  cattle,  rhesus  monkeys,  and  human.  So  far,  only  a  few  maternal-­effect  

genes   have   been   studied   in   relation   to   mitotic   aneuploidy   in   humans   even   though  

subcortical   maternal   complex   members   appear   to   be   conserved   across   mammalian  

species  [128];;[137-­139].  Since  subcortical  maternal  complex  proteins  play  a  role  both  in  

maintaining   euploidy   [135]   and   symmetrical   divisions   [136]   in   mouse   preimplantation  
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embryos,   it   will   be   important   to   determine   if   they   have   analogous   functions   in   other  

mammalian   species   [127].   In   addition   to   the  potential   inheritance  of   aberrant  maternal  

RNA  and  proteins,  there  is  also  evidence  that  suboptimal  maternal  genetic  variants  and  

mutations   within   meiosis   or   mitosis   associated   genes   may   also   lead   to   abnormal  

chromosome  segregation  and  cell  division.  Recently,  McCoy  and  colleagues  identified  a  

genetic  variant  of  polo-­like  kinase  4,  a  gene  known  to  cause  aneuploidy  upon  disruption  

of  the  centrosome  cycle  [140],  that  occurred  at  higher  frequency  in  women  who  produced  

aneuploid  embryos  solely  due  to  mitotic  errors.  Whether  there  are  other  genetic  variants  

associated  with  mitotic  errors  remains  to  be  determined.  

  

Another   potential   maternal   source   of   aneuploidy   is   oocyte   mitochondria   (Fig.   1c).  

Accumulation  of  maternal  mitochondrial  DNA  (mtDNA)  mutations  over  the  years  between  

fetal   oogenesis   and   meiotic   resumption   may   also   lead   to   defective   mitochondria   and  

possible  aneuploidy  generation.  Women  of  advanced  maternal  age  have  been  shown  to  

exhibit   increased   rates   of   mtDNA   mutations   [141]   and   less   ATP   production   [142].  

Moreover,  a  significant  decrease  in  mitochondrial  activity  has  been  documented  in  mosaic  

human  embryos  with  chaotic  profiles   in  comparison   to  euploid  or  mosaic  embryos  with  

non-­chaotic  profiles  [143]  as  well  as  in  individual  aneuploid  versus  euploid  blastomeres  

from   the   same   embryo   [144].   A   study   found   that   enzymes   responsible   for   ubiquinone  

production  of  the  electron  transport  chain,  Pdss2  and  Coq6,  were  diminished  in  oocytes  

of  older  females  in  both  mouse  and  human.  This  age-­related  decline  could  be  reversed  in  

old  mice  that  were  treated  with  ubiquinone  10  for  a  period  of  15  weeks  as  demonstrated  

by  a  significantly  higher  number  of  resting  primordial  and  growing  secondary  follicles  in  

ovaries  and  improved  mitochondrial  function  in  oocytes.  Additionally,  mitotic  spindle  and  

chromosome  misalignment  defects  in  aging  oocytes  were  comparable  to  “young”  oocyte  

morphology   after   ubiquinone   administration   [145],   further   supporting   the   notion   that  
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healthy  oocyte  mitochondria  are  required  for  proper  chromosome  segregation.  Since  ATP  

production  is  required  for  the  movement  of  microtubules  during  anaphase  and  cytoskeletal  

actin  filament  contraction  during  cytokinesis  [143,  146],  it  is  plausible  that  maternal  mtDNA  

mutations  could   indirectly   impact   chromosome  segregation  and  cell   division.  Thus,   the  

replacement  of  dysfunctional  mitochondria  with  healthy  mitochondria  by  nuclear  transfer  

into   an  enucleated  oocyte  may  provide  an  alternative  means,   especially   for  women  of  

advanced  maternal  age,  to  successfully  conceive  as  previously  shown  in  both  mice  and  

cow  [147];;[148].    

  

Although  maternal  meiotic  errors  are  far  more  frequent  that  those  of  paternal  origin  and  

increase  with  age,  mitotically  derived  mosaic  aneuploidies  in  embryos  are  generally  not  

associated  with   advanced  maternal   age.   This   is   supported   by   studies   that   determined  

mitotic  errors  are   just  as   frequent,   if  not  more   frequent,   than  meiotic  errors   in  embryos  

from  women   of   average  maternal   age   [27,   29,   149].   Thus,  when  mitotic  mosaicism   is  

detected  in  embryos,  it  may  be  due  to  defects  in  the  sperm  used  for  fertilization  [119-­121].  

Aside  from  providing  the  paternal  genome  and  phospholipase  C-­zeta  to  release  the  oocyte  

from  MII   arrest   through   calcium   oscillations   [150,   151],   the   sperm   also   contributes   its  

centrosome   in   the   majority   of   mammalian   species   (Fig.   1c).   The   sperm   centrosome,  

consisting   of   two   centrioles,   duplicates   and   separates   around   the   time   of   pronuclear  

syngamy   in  zygotes   to  generate  spindle  microtubules   that  pull   the  chromosomes  apart  

during   the   first   embryonic   divisions   [152,   153].   In   contrast   to   all   mammalian   species  

studied  to  date,  rodents  do  not  have  centrosomes  deposited  from  the  sperm  but  rather  

oocyte  MTOCs  set  up  the  first  divisions  [154,  155]  and  may  help  explain  the  relatively  low  

aneuploidy  rates  observed  in  mouse  embryos  [156].    
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Palermo  et  al.  [153]  demonstrated  that  the  presence  of  two  sperm  in  human  zygotes  led  

to  mosaicism   in  embryos,  whereas  monospermic  embryos  and   those   that   inherited  an  

extra  haploid   set  of   chromosomes   from   the  mother  were  euploid.  Moreover,   dispermic  

embryos  also  exhibit  multipolar  mitotic  spindles  and  disruption  of  the  sperm  centrosome  

induces  mosaicism  in  embryos  (reviewed  in  [157]).  As  further  proof  that  the  centrosome  

is  paternally  derived,  it  has  been  shown  that  the  spindle  complex  in  mature  human  oocytes  

lacks  both  centrioles  and  asters  at  the  poles  [158].  Studies  have  found  that  certain  forms  

of  male  infertility  are  due  to  centriole  abnormalities  [159]  and  may  contribute  to  mosaicism  

in  embryos   [160].  Additional  evidence   is  provided  by  observations  of   increased  mitotic  

mosaicism   in   embryos   fertilized   by   testicular   sperm   extraction   from   men   with   non-­

obstructive  azoospermia  to  suggest  that  non-­ejaculated  spermatozoa  may  be  immature  

and  less  effective  in  organizing  the  first  mitotic  spindle  [121].  Despite  substantial  evidence  

that   the  centrosome   is  paternally  contributed   in   the  majority  of  mammalian  species,  an  

apparent   contradiction   to   this   notion   are   findings   of   mitotic   divisions   following  

parthenogenetic  activation.  Parthenotes  and  gynogenotes  can  develop  to  the  blastocyst  

stage   and   are   a   source   of   highly   proliferative   parthenogenetic   embryonic   stem   cells  

(reviewed   in   [161-­166]).  Data   from  Brevini  et   al.   [167,   168]   demonstrated   that   porcine  

parthenotes  do  indeed  contain  centrioles,  but  at  an  excessive  number,  to  suggest  that  de  

novo  centriole  generation  is  dysregulated.  Similar  findings  were  observed  in  both  porcine  

and   human   parthenogenetic   embryonic   stem   cells   where   multipolar   spindles   were  

observed  as  well  as  a  high  degree  of  aneuploidy.  Furthermore,  studies  in  parthenogenetic  

embryos   have   found   that   blastomeres   are   predominately   aneuploid   [169,   170].   This  

suggests  that  although  there  appears  to  be  a  maternal  source  of  centrioles  in  parthenotes,  

paternally  inherited  centrosomes  are  more  proficient  in  early  mitotic  divisions.  Altogether,  

these  studies  suggest  that  further  consideration  should  be  given  to  paternal  age  and  the  
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potential   inheritance   of   an   age-­related   dysfunctional   centrosome   similar   to   how   an  

association  between  advanced  maternal  age  and  meiotic  errors  is  regarded  [118].  

  

Even  with  the  presence  of  parental  factors  for  the  maintenance  of  euploidy,  meiosis  and  

mitosis  are  complex  cellular  processes  with  several  key  events  where  errors  can  arise  and  

impact  subsequent  development.  Regardless  of  whether  meiotic  or  mitotic  in  origin,  it  is  

thought   that   the   majority   of   missegregation   errors   are   the   result   of   two   different  

mechanisms,  either  lagging  chromosomes  during  anaphase  or  non-­disjunction  (Fig.  1d).  

Anaphase   lagging  occurs  when  a  chromatid   fails   to  connect  or   is  dissociated   from   the  

spindle  apparatus  and   is   lost  upon  karyokinesis  and  cytokinesis,  which  can   result   in  a  

monosomy   or   trisomy   in   one   of   the   two   daughter   cells   during  meiosis   or  mitosis.   For  

meiosis,  this  might  occur  as  early  as  the  MI  stage  if  the  spindle  assembly  checkpoint  is  

bypassed,   leading   to  precocious  division  and  abnormal  chromatid  allocation   to   the   first  

polar  body  and  MII  oocyte  [171].  Lagging  chromosomes  in  anaphase  may  be  due  to  the  

depletion  and/or  reduced  stringency  of  the  spindle  assembly  complex  in  oocytes  and  early  

preimplantation  embryos,  which   rely  on  maternally   supplied  spindle  assembly  complex  

mRNAs  and  proteins  until  EGA.  Evidence  for  this  is  provided  by  RNA  interference  studies  

in   mouse   embryos   that   showed   that   knockdown   of   the   spindle   assembly   complex  

components,   Bub3,   BubR1,   and   Mad2   led   to   improper   chromosome   segregation,  

micronuclei  formation,  and  aneuploidy  generation  [172].  Furthermore,  additional  studies  

have   demonstrated   that   chromosome   lagging   commonly   arises   from   the   formation   of  

merotelic   attachments   in   mitosis,   whereby   a   single   kinetochore   on   one   side   of   the  

chromosome  is  attached  to  microtubules  emanating  from  both  spindle  poles  (reviewed  in  

[173]).  While   lagging  chromosomes  arising  from  the  formation  of  merotelic  attachments  

has  been  show  to  occur  in  oocytes  during  meiosis  [174,  175],  the  exact  mechanisms  of  

chromosomal   missegregation   during   early   mitotic   divisions   in   mammalian   embryos  
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remains  an  enigma.  Unlike  other  mitotic  cell  types,  the  cleavage-­stage  embryo  undergoes  

mitosis  to  produce  cells  of  decreasing  cell  size  with  each  subsequent  division,  which  can  

impact  spindle  length  and  symmetric  versus  asymmetric  division  [176].  

  

The  other  major  source  of  chromosome  missegregation  errors  is  non-­disjunction  where  

there   is   the   failure   of   the   sister   chromatids   to   separate   at   the   centromere   during  

metaphase,  resulting  in  the  loss  of  a  chromosome  in  one  daughter  cell  and  a  reciprocal  

gain   in   the   other.   This   event   can   be   recognized   as   3:1   chromosomal   ratios   between  

daughter   cells   and   will   give   rise   to   an   aneuploid   zygote   or   mosaic   aneuploid   embryo  

depending  on  whether  it  occurs  during  meiosis  or  mitosis,  respectively  [35,  42,  177-­179].  

Although   non-­disjunction   and   anaphase   lagging   may   have   the   same   consequences,  

aneuploidy  due  to  a  single  chromatid  loss  in  MII  oocytes  far  exceeds  the  prevalence  of  

non-­disjunction  at  least  during  meiosis  [180,  181].  Mitotic  errors,  however,  appear  to  be  

equally   distributed   between   chromosome   lagging   during   anaphase   and   chromosomal  

non-­disjunction   [26-­29].   To   complicate   matters,   human   preimplantation   embryos   have  

also  been  shown  to  express  both  heightened  cell  cycle  drivers  and  diminished  cell  cycle  

checkpoints,   which   might   make   blastomeres   more   vulnerable   to   chromosome   lagging  

during  early  mitotic  divisions  [125,  182]  (Fig.  1d).  It  is  only  after  EGA,  from  approximately  

the   4-­   to   8-­‐cell   stage   onwards   [123,   183],   that   cell   cycle   control   becomes   activated   in  

human  embryos.  Thus,  permissive  cycle  checkpoints  allow  aneuploid  embryos  to  proceed  

through  mitosis  even  if  chromosomes  are  not  yet  properly  aligned  on  the  mitotic  spindle  

at  the  completion  of  metaphase  [125,  126].    
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Potential  mechanisms  for  overcoming  aneuploidy  

  

In   light   of   the   lack   of   cell   cycle   control   and   frequent   findings   of   euploid-­aneuploid  

mosaicism  [33,  36]  as  well  as  chaotic  aneuploidy,  it  is  not  surprising  that  the  majority  of  

chromosomal  errors  are  unlikely   to  be   corrected   [26,   27].  Nevertheless,   there   is   some  

evidence   to  suggest   that   “embryo  self-­corrective”  mechanisms  do  exist  based  on  PGS  

biopsy  of  aneuploid  blastomeres  at   the  cleavage-­stage   followed  by  biopsies  of  euploid  

trophectoderm  cells  from  the  same  embryo  a  few  days  later  [184,  185].  While  thought  to  

occur   only   occasionally,   the   so-­called   embryo   self-­correction   phenomenon   may   be  

explained  by  other  processes  such  as  blastomere  exclusion  and  cellular   fragmentation  

that  are  observed   in  embryos   (Fig.  1e).  Cellular   fragmentation   is   relatively   common   in  

humans,  with  approximately  50%  of  human  embryos  or  more  exhibiting  fragmentation  to  

some   degree   [186,   187].   Preimplantation   embryos   from   other   mammalian   species,  

including  cattle  and  equine  undergo  cellular   fragmentation,  although   to  a   lesser  extent  

than  humans  and  non-­human  primates   [188,  189].  Notably,  cellular   fragments  are  also  

detected  in  embryos  conceived  in  vivo  [190,  191],  indicating  that  fragmentation  is  not  an  

artifact  of  in  vitro  culture.  It  is  also  important  to  note  that  cellular  fragmentation  is  distinct  

from   the   cell   death-­induced   DNA   fragmentation   that   can   occur   late   in   mammalian  

preimplantation  development  during  the  morula  and  blastocyst  stages  [192-­194].  Cellular  

fragments  can  vary  in  size,  temporal  and  spatial  distribution,  as  well  as  organelle  content  

[195-­197],  making  them  sometimes  difficult  to  differentiate  from  small  blastomeres.  High  

levels  of  fragmentation  is  associated  with  an  increased  incidence  of  aneuploidy  [119,  198]  

and  depending  on  the  timing  of  fragmentation,  can  be  used  to  distinguish  embryos  with  

meiotic  and/or  mitotic  errors  [27].  Although  extensive  fragmentation  may  correlate  with  low  

implantation  and  clinical  pregnancy  potential  [186,  192,  199-­201],  by  itself  it  is  not  a  clear  

indicator  of  poor  embryo  quality  as  live  births  have  resulted  from  the  transfer  of  fragmented  
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embryos  [186,  187,  202-­204].  Rather,  it  is  the  pattern  and  degree  of  cellular  fragmentation,  

along  with  the  stage  that  it  initially  occurs,  which  are  better  predictors  of  embryo  viability  

[186,  187].    

  

Recent  evidence  presented  by  Chavez  and  colleagues  suggest   that   cellular   fragments  

can  also  encapsulate  missegregated  chromosomes  following  extrusion  from  the  embryo  

[27],  but  exactly  how  this  occurs  remains  unknown.  Given  that  fragmentation  was  originally  

thought   to   represent   membrane-­bound   extracellular   cytoplasm,   the   idea   that   cellular  

fragments   might   contain   nuclear   DNA   was   intriguing   especially   since   microsurgical  

removal   of   fragments   was   once   promoted   [205,   206].   Nonetheless,   the   authors   also  

reported   frequent   findings  of  micronuclei   in  cleavage-­stage  human  embryos   to  suggest  

that  the  formation  of  micronuclei  might  provide  a  mechanism  by  which  chromosomes  are  

sequestered  into  cellular  fragments  after  missegregation  [27].  Since  cellular  fragmentation  

is  a  dynamic  process,  whereby  chromosome-­containing  cellular   fragments   (CCFs)  can  

remain  as  either  discrete  units  or  be  reabsorbed  by  the  embryo  [27];;[68,  70],  it  may  also  

allow  corrective  means  to  overcome  aneuploidy  generation.  More  specifically,   if  a  CCF  

fuses  with  the  blastomere  from  which  it  originated  or  a  neighboring  blastomere  that  lacked  

the  encapsulated   chromosome(s),   euploidy   could  potentially   be   restored   in   an  embryo  

following   breakdown   of   the   nuclear   envelope.   However,   not   all   cellular   fragments  

necessarily   contain  DNA  and   thus,   fragment   resorption  may  have  no   impact  on  ploidy  

status  or  it  may  even  increase  genotypic  complexity  in  embryos  upon  fusion  with  a  euploid  

blastomere  [27].  Regardless  of  the  potential  consequences,  little  is  still  known  about  what  

leads   to   cellular   fragmentation   and   thus,   it   will   be   important   to   determine   the   precise  

mechanism(s)   by   which   it   occurs   and   how   the   timing,   degree   and/or   resorption   of  

fragments  contributes  to  the  generation  and  potential  correction  of  embryonic  aneuploidy.    
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Chromosomes  within  micronuclei  are  highly  unstable  and  can  undergo  DNA  damage  in  

the  form  of  double  stranded  breaks  [207].  Recently,  studies  have  proposed  a  direct  link  

between   micronuclei   formation   and   the   incidence   of   “chromosome   pulverization,”   or  

chromothripsis   [207-­210]   (Fig.   1e).   First   described   in   cancer   genomes   [211],  

chromothripsis  is  a  phenomenon  through  which  one  or  a  few  chromosomal  segments  are  

“pulverized”  into  many  pieces  and  randomly  reassembled  in  one  unique  cellular  event  over  

the  course  of  one  cell  division  [212].  Chromothripsis  has  also  been  suggested  to  occur  

during   preimplantation   development   [212,   213]   based   on   frequent   observations   of  

micronuclei  formation,  cellular  fragmentation,  segmental  rearrangements,  and  abnormal  

mitotic  divisions  in  cleavage-­stage  embryos.  This  pulverization  and  random  reassembly  

can  lead  to  chromosomal  duplications,  deletions,  translocations,  and  inversions,  which  are  

often  detrimental,  resulting  in  subfertility  or  congenital  abnormalities  depending  on  when  

the   event   occurred   [214,   215].   It   is   important   to   note   that   there   are   no   studies   at   the  

moment   that   have   examined   if   preimplantation   embryo   micronuclei   undergo  

chromothripsis.  Cellular  fragmentation-­mediated  elimination  of  micronuclei  with  damaged  

chromosomes  may  be  a  corrective  mechanism,  especially   in  euploid-­aneuploid  mosaic  

embryos  whereby  euploid  blastomeres  can  out  compete  aneuploid  cells  once  EGA  has  

occurred.   As   cancer   cells   also   sequester  missegregated   chromosomes   and   chromatid  

fragments   within   micronuclei   [216-­219],   micronuclei   research   in   preimplantation  

development  may  also  be  translatable  to  somatic  tissues.    

  

While   the   cellular   fragmentation-­mediated   elimination   of   missegregated   chromosomes  

might  occur  at   the  earliest  stages  of  preimplantation  development,   there  appears   to  be  

other  means  for  the  resolution  of  aneuploidy  later  in  embryogenesis  during  the  transition  

from  the  cleavage  to  the  blastocyst  stage  (Fig.  1e).  In  particular,  the  complete  exclusion  

of   large   fragments   and   blastomeres   has   been  observed   in   both   compact  morulas   and  
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blastocysts  from  several  mammalian  species,  including  humans,  rhesus  macaques,  cattle,  

and  mice  homozygous  for  the  yellow  allele  (Ay)  of  the  agouti  locus  [186,  192,  220-­225].  

Although   the   frequency   of   blastomere   exclusion   is   unknown   since   it   is   not   a   well-­

documented  process,  it  is  generally  accepted  that  preimplantation  embryos  can  tolerate  

the   loss  of  one  or  more  blastomeres  based  on  blastomere  biopsy   for  PGS.  Given   that  

lower   aneuploidy   rates   are   observed   in   blastocysts   as   compared   to   cleavage-­stage  

embryos   [226],   one   possible   explanation   for   this   may   be   the   exclusion   of   aneuploid  

blastomeres   from   the   rest   of   the  embryo   (Fig.   1e).  However,   the   chromosomal   and/or  

genetic  analysis  of  extruded  blastomeres  or  cellular  fragments  is  still  lacking  and  may  be  

due  to  the  limitations  of  aCGH  and  other  microarray-­based  methods  for  the  detection  of  

complex  or  polyploid  genotypes.  Nevertheless,  it  seems  plausible  that  the  extrusion  rather  

than   the   reincorporation   of   micronuclei-­containing   blastomeres   may   be   beneficial   for  

embryo  genomic  integrity  since  DNA  damage  can  occur  in  the  micronuclear  environment  

[207,  216,  227,  228].  Future  work  should  focus  on  the  precise  frequency  of  this  process  

and  how  blastomere  exclusion  might  relate  to  the  “embryo  self-­correction”  phenomenon  

as  a  whole.  

  

Another  mechanism  termed  confined  placental  mosaicism  (Fig.  1e)  may  explain  embryo  

correction  and  the  reduced  incidence  of  aneuploidy  at  the  blastocyst  stage  [226].  In  this  

scenario,   aneuploid   cells   would   be   deliberately   confined   to   the   trophectoderm   layer,  

whereas  euploid  cells  could  incorporate  into  the  inner  cell  mass  (ICM)  and  give  rise  to  a  

chromosomally  normal  fetus  [229].  Studies  have  identified  the  presence  of  two  or  more  

cell   populations   with   different   chromosomal   make-­up   at   the   blastocyst   stage   and   this  

appears  to  be  more  prevalent  in  embryos  from  women  of  advanced  maternal  age  [230,  

231].  After  careful  separation  of  ICM  and  trophectoderm  cells,  however,  several  studies  

demonstrated   that   chromosomally   abnormal   cells   detected   at   the   8-­‐cell   stage   are   not  
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preferentially  allocated  to  the  trophectoderm  compartment,  but  rather  evenly  distributed  

throughout   the   blastocyst   [232-­238].   Johnson   and   colleagues   disaggregated   over   50  

blastocysts   from  mothers  of  average  maternal  age  and  observed  discordance  between  

trophectoderm   and   ICM   samples   in   approximately   4%   of   the   embryos   for   structural  

chromosome   aberrations   [237].   It   is   important   to   note   that   this   study   evaluated   ploidy  

status  in  multiple  cells  of  the  same  cell  type  at  once  rather  than  single  cells,  which  may  

mask   discordance   between   the   trophectoderm   and   ICM.   Yet   there   are   other   reports  

showing   the   preferential   allocation   of   aneuploid   cells   in   chorionic   villi   samples   as  

compared  to  fetal  tissues  to  suggest  that  confined  placental  mosaicism  may  play  a  role  

later  in  post-­implantation  development  [229,  231,  239-­243].  Furthermore,  while  classified  

as  aneuploid,  aneuploid-­euploid  mosaic  embryos  may  still   result   in   the  birth  of  healthy  

offspring  upon   transfer,  which   suggests   that   corrective  mechanisms  exist   to   overcome  

chromosomal  instability  during  preimplantation  development  [20,  244,  245].  There  is  still  

disagreement   on  whether   the   trophectoderm   layer   of   blastocysts   preferentially   contain  

chromosomally   abnormal   cells.   For   future   studies,   it   will   be   necessary   to   use   more  

comprehensive  PGS  methods  at  the  single  cell  level  in  whole  blastocysts.    
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Figure  1.  Cause  and  responses  to  aneuploidy  in  the  mammalian  preimplantation  embryo.  

Recent   advances   in   mammalian   embryology   from   the   (A)   zygote   to   blastocyst   stage,  

including  but  not  limited  to  (B)  time-­lapse  image  analysis,  have  greatly  contributed  to  our  

knowledge   of   the   key   chromosomal   and   genetic   characteristics   impacting   each  major  

stage   of   preimplantation   development.   (C)   Embryo   chromosomal   integrity   may   be  

influenced   by   the   lack   of   and/or   inheritance   of   aberrant   paternal   contribution   of   the  

centrosome,  which  mediates   the   first  mitotic  divisions.  Select  maternal  mRNAs   termed  

maternal   effect   genes   are   recruited   for   translation   following   fertilization,   whereas   the  

remaining  maternal  mRNAs  are   degraded.  Besides   individual  maternal   proteins,  multi-­

protein  complexes  such  as  the  subcortical  maternal  complex,  are  important  for  embryonic  

progression  beyond  the  2-­cell  stage  and  potential  prevention  of  mitotic  aneuploidy.  Oocyte  

mitochondria  dysfunction  also  plays  a  role  in  the  integrity  of  chromosome  missegregation.  

(D)   There   are   several   additional   factors   that   can   contribute   to   the   generation   of  
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chromosome  instability,  particularly  in  human  embryos,  including  cellular  fragmentation,  

anaphase   lagging,   chromosomal   non-­disjunction,   as   well   as   the   lack   of   cell   cycle  

checkpoints  and  overexpression  of  cell  cycle  drivers.  (E)  If  and  how  the  embryo  responds  

to  aneuploidy  may  include  the  elimination  of  damaged  chromosomes  contained  within  a  

micronucleus  through  cellular  fragmentation.  Aneuploid  blastomeres  may  also  fail  to  divide  

and   become   eliminated   from   the   embryo   in   the   compacting   morula   and   blastocyst.  

Furthermore,  aneuploid-­euploid  mosaic  embryos  are  able  to  produce  healthy  offspring  and  

this  may  be  due  to  allocation  of  aneuploid  cells  to  the  trophectoderm  while  euploid  cells  

remain  in  the  ICM.    
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Figure   2.   An   evolutionary   timeline   of   time-­lapse   imaging   for   embryo   assessment.   A  

timeline  from  1997  to  present  day  showing  the  different  “eras”  of  time-­lapse  image  analysis  

with   relevant   references   for   the   evaluation   of   embryo   viability.   The   first   time-­lapse  

publications  examined  the  implementation,  utility  and  safety  of  this  technology  to  monitor  

embryo  development.  After  safety  validation,  studies  began  identifying  cellular  parameters  

predictive  of  success  to  the  blastocyst  stage,  followed  by  the  identification  of  parameters  

predictive  of  embryo  ploidy  status.  More  recent  reports  have  focused  on  clinically  applying  

and  validating  these  parameters  or  newly  identified  parameters  in  either  retrospective  or  

prospective   registered   clinical   trials.   The   first   randomized   control   trial   evaluating   time-­

lapse  image  analysis  versus  traditional  IVF  techniques  was  recently  published  with  others  

likely  to  follow  and  additional  studies  have  concentrated  on  the  development  of  computer-­

assisted  algorithms  for  automatic  embryo  assessment  and  classification.  



 30 

Preface:  Chapter  1  

  

The  introduction  of  this  dissertation  provided  an  overview  of  the  current  landscape  for  the  

investigation   of   aneuploidy   in   mammalian   preimplantation   embryos.   Although   ideally  

human  embryos  would  be  the  subject  of  study,  federal  and  ethical  restrictions  as  well  as  

cost  limit  our  ability  to  obtain  fresh  embryos  from  otherwise  fertile  and  young  individuals  

and  perform  mechanistic  studies  and  embryo  transfers.  Over  the  decades,  the  mouse  has  

been   the   primary   model   to   study   embryology.   However   as   described   above,   murine  

preimplantation  embryos  not  only  have  a  low  incidence  of  aneuploidy,  but  they  also  rarely  

exhibit   micronucleation   and   cellular   fragmentation   during   development   [27,   156,   246].  

Whether  other  mammalian  species  more  closely  related  to  humans  such  as  non-­human  

primates  have  similar  aneuploidy  fragmentation  frequencies  has  not  been  investigated  in  

detail   and   directly   addressing   this   question   is   necessary   for   translation   to   human  

embryogenesis.  As  mentioned  above,   previous   studies  with   rhesus  macaque  embryos  

using  DNA-­FISH  probes  to  human  chromosomes  13,  16,  18,  X,  and  Y  indicated  that  the  

level  of  aneuploidy  in  rhesus  macaque  embryos  is  more  comparable  to  human  than  mouse  

[23-­25].  Given  that  only  a  few  chromosomes  were  analyzed  by  low-­resolution  techniques,  

however,   the   actual   percentage   of   rhesus   macaque   embryos   carrying   whole   or   sub-­

chromosomal  aberrations   remains  unknown.   In   this   chapter,  methods  and   findings  are  

described   for   the   incidence   of   aneuploidy   and   ploidy   errors   in   the   IVF-­derived   rhesus  

macaque   preimplantation   embryo.   This  work   sets   up   the   basis   for   further   translational  

studies  in  the  monkey  model  that  can  provide  insight  into  mechanism  of  and  responses  to  

aneuploidy  in  human  embryos.    
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Chapter  1:  Aneuploidy  and  ploidy  errors  in  the  rhesus  macaque  embryo.  

  

  

Abstract  

  

A  major  contributor  to  in  vitro  fertilization  failure  and  loss  of  human  embryos  is  abnormal  

chromosome   number,   or   aneuploidy.   Considering   the   research   limitations   surrounding  

human   embryos,   there   is   need   to   establish   a   relevant   animal   model   that   inherently  

recapitulates  the  high  incidence  of  aneuploidy  observed  in  human  embryos.  The  rhesus  

monkey   shares   many   key   reproductive   characteristics   with   humans,   including   mono-­

ovulation  and  similar   live  birth   rates   following  periovulatory   timed   intercourse.  Previous  

studies  have  examined   the  aneuploidy   frequency   in   rhesus  macaque  embryos  but   not  

comprehensively  for  all  chromosomes.  Given  the  detection  of  an  increased  incidence  of  

aneuploidy   in   the   rhesus   macaque   embryo   with   DNA-­FISH   and   the   reproductive  

similarities  shared  between  human  and  rhesus  macaques,  the  hypothesis  of  this  part  of  

the   study   is   that   rhesus   macaque   embryos   from   IVF   will   have   a   similar   aneuploidy  

frequency  to  human  embryos  when  all  chromosomes  are  examined  with  DNA-­Seq.  Thus,  

the  objective  is  to  determine  if  the  rhesus  macaque  embryo  is  a  suitable  substitute  for  the  

investigation  of  aneuploidy  in  human  embryos.  Rhesus  macaque  preimplantation  embryos  

(N=43)  from  average  reproductive  aged  males  and  females  (9.4  +  1.5  and  9.2  +  2.3  years  

old,  respectively)  were  monitored  by  time-­lapse  imaging  and  later  disassembled  at  the  2-­

14  cell  stage  into  individual  blastomeres  and  polar  bodies.  The  DNA  of  these  single  cells  

was   subjected   to   PCR-­based   whole   genome   amplification,   barcoding   for   Illumina  

sequencing  platforms,  and   low  coverage  DNA-­sequencing.   In-­house  pipelines   for  CNV  

and  SNP  analyses  were  built  to  determine  the  copy  number  and  parent-­of-­origin  of  each  

chromosome,  respectively.  While  28.6%  of  the  cleavage-­stage  embryos  were  completely  
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euploid,   the   other   71.4%   contained   aneuploid   blastomeres.   When   polar   bodies   were  

detected  in  aneuploid  embryos,  it  was  determined  that  mitotic  origins  of  aneuploidy  were  

just  as  frequent  meiotic  errors.  As  anticipated,  the  gender  ratio  was  split  nearly  equal  as  

46.8%   of   embryos   had   a   Y   chromosome.   Additional   findings   of   reciprocal   sub-­

chromosomal   deletions   and  duplications   demonstrate   that   chromosome  breakage  also  

occurs.  Although  only  confirmed  zygotes  with  two  visible  pronuclei  and/or  two  polar  bodies  

were  used  in  this  study,  40.8%  of  embryos  displayed  abnormal  ploidy  profiles  instead  of  

the  expected  biparental  distribution  of  maternal  and  paternal  chromosomes   throughout  

the   embryo.   This   surprisingly   high   percentage   of   embryos   with   abnormal   ploidy  

demonstrate  that  detection  of  2  pronuclei  and  2  polar  bodies  may  not  always  be  indicative  

a  diploid,  biparental  zygote.  Paternal  contribution  to  mitotic  aneuploidy  was  also  evident  

as  multipolar  divisions  and  chaotic  aneuploidy  were  prevalent  in  embryos  produced  by  the  

same  male  donor,  suggesting  inheritance  and  formation  of  a  faulty  centrosome  from  the  

sperm.  Overall,   these   findings  support   the  hypothesis   that   the  aneuploidy   frequency   in  

cleavage-­stage   embryos   is   conserved   between   humans   and   rhesus   macaques.  

Therefore,  this  study  proposes  that  the  monkey  is  an  appropriate  model  for  investigating  

mechanisms  of  embryonic  aneuploidy  generation  and  tolerance.  
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Introduction  

  

The  demand  for  human  in  vitro  fertilization  (IVF)  steadily  increases  each  year,  but  success  

rates  as  measured  by  live  birth(s)  have  remained  only  ~30-­35%  for  decades  (cdc.gov/art).  

Although   several   oocytes   are   recovered   after   controlled   ovarian   hyperstimulation   and  

successfully  fertilized  in  an  IVF  cycle,  embryos  can  arrest  during  culture  or  fail  to  implant  

when  transferred  back  to  the  uterus.  One  reason  why  IVF  fails  is  because  embryos  with  

unbalanced   whole   chromosome(s)   are   transferred   instead   of   euploid   ones   [247].   It   is  

difficult  to  ascertain  whether  in  vitro  culture  or  hyperstimulation  increased  the  aneuploidy  

frequency  of  embryos  in  comparison  to  in  vivo  conceptions.  However,  studies  estimate  a  

similar   efficiency   from   natural   human   pregnancies   (~30-­35%)   with   up   to   70%   of  

spontaneous  miscarriages  diagnosed  as  chromosomally  abnormal  [13-­16].    

  

Although  maternal  age  is  highly  correlated  with  the  incidence  of  meiotic  aneuploidies  [248]  

[249],   estimates   of   aneuploidy   in   IVF   embryos   from   young,   fertile   couples   via   high-­

resolution   techniques  are  also  high.  Recent  studies  using  comprehensive  chromosome  

screening   of   all   blastomeres   in   cleavage-­stage   human   embryos   have   established   that  

aneuploidy  in  embryos  ranges  from  50  to  80%  and  that  mitotic  errors  occur  at  an  equal  or  

greater   frequency  than  meiotic  errors  [26,  30,  31,  46,  108,  109].  Mitotic  nondisjunction,  

lagging  chromosomes  during  anaphase,  and/or  breakage–fusion–bridge  cycles  may  not  

only   lead   to   aneuploidy,   but   can   also   give   rise   to   a   mosaic   embryo   with   different  

chromosomal   copy   number   amongst   cells   [26].   Because   of   mosaicism,   traditional  

morphological  assessment  of  embryo  quality  and  preimplantation  genetic  screening  can  

underestimate  the  degree  of  chromosomal  errors  affecting  the  whole  embryo  as  discussed  

at  length  above.  
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Supernumerary  embryos  from  fertility  clinics  as  well  as  those  dedicated  for  clinical  trials  

have  been  used  at  length  to  study  aneuploidy.  Despite  this,  federal  law,  bioethical,  and  

cost   limitations  often  prevent   further  studies  of  genetic  mechanisms  in  human  embryos  

and   thus   alternative   animal   models   are   utilized.   The   mouse   embryo   has   provided   an  

excellent  tool  for  developing  methodologies  however  there  are  many  differences  between  

human  and  mouse  reproduction  that  limit  translational  studies.  Mouse  embryos  have  less  

aneuploidy  (~1-­4%)  [18-­20],  are  polyovulatory,  have  an  estrus  cycle,  and  the  sperm  does  

not  provide  a  centrosome  for  setting  up  the  first  mitotic  cell  divisions  [155].  To  gain  further  

insight  on  the  processes  that  drive  human  embryonic  aneuploidy,  the  more  closely-­related  

rhesus  monkey  may  be  more  fitting.  Previous  studies  with  rhesus  macaque  embryos  using  

DNA-­FISH  probes  to  human  chromosomes  13,  16,  18,  X,  and  Y  indicated  that  the  level  of  

aneuploidy  in  rhesus  macaque  embryos  is  more  comparable  to  human  than  mouse  [23-­

25].  Given   that   only   a   few   chromosomes  were   analyzed   by   low-­resolution   techniques,  

however,   the   actual   percentage   of   rhesus   macaque   embryos   carrying   whole   or   sub-­

chromosomal  aberrations  remains  unknown.  Frequent  observation  of  abnormal  nuclear  

structures   in   blastomeres   from   rhesus   macaque   embryos   as   compared   to   other  

mammalian   species   [27]   suggests   that   the   incidence   of   chromosomal   abnormalities   in  

non-­human  primates  is  similar  to  humans.  With  this  supporting  evidence,  the  hypothesis  

of   this   part   of   the   study   is   that   rhesus  macaque   embryos   have   a   similar   frequency   of  

aneuploidy  as  human  embryos.  In  this  chapter,  whole  genome  amplification  and  single-­

cell  DNA-­Sequencing  (DNA-­Seq)  of  blastomeres  and  polar  bodies  was  used  to  establish  

the   frequency   of   all   whole   and   sub-­chromosomal   errors   in   forty-­two   rhesus   macaque  

cleavage-­stage  embryos.    
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Methods  

  

  

Rhesus  Macaque  Embryos  

  

Controlled   ovarian   stimulations   were   performed   on   adult   female   rhesus   macaques   of  

average  maternal  age  (9.2  +  2.3  years  old)  as  previously  described  [250].  Briefly,  30  IU  of  

recombinant  human  follicular  stimulating  hormone  (donated  from  Organon,  Roseland,  NJ)  

was  intramuscularly  injected  twice  daily  in  cycling  females  at  the  start  of  menses  for  six  

consecutive  days.  On  days  7  and  8  of  the  controlled  ovarian  stimulation  protocol,  30  IU  of  

both   recombinant   human   follicular   stimulating   hormone   (donated   from   Organon)   and  

recombinant  human  luteinizing  hormone  (donated  from  Al  Partlow)  were  co-­injected  twice  

each  day.  When  estradiol  levels  reached  greater  than  200  pg/ml,  the  following  day  females  

were  intramuscularly  injected  with  0.1  ml/kg  of  Antide,  a    gonadotropin-­releasing  hormone  

antagonist   (donated   from   the   Salk   Institute,   La   Jolla,   CA),   to   prevent   an   endogenous  

luteinizing  hormone  surge.  Approximately  36  hours  prior  to  follicle  aspiration,  a  single  dose  

(1,100  IU)  of  human  chorionic  gonadotropin  (EMD  Serono  Ovidrel®,  Rockland,  MA)  was  

intramuscularly   injected   to   initiate  oocyte  maturation.  Laparoscopic   follicular  aspirations  

were   aseptically   conducted   on   anesthetized   animals   using   suction   to   obtain   cumulus-­

oocyte  complexes  collected  in  Tyrode's  albumin  lactate  pyruvate  HEPES  media  with  0.3%  

bovine   serum   albumin   (Sigma-­Aldrich,   St.   Louis,   MO)   and   1%   Heparin   sodium   salt  

solution.   Controlled   ovarian   stimulation   were   isolated   from   follicular   aspirates   and  

denuded  by  gentle  micropipeting   in  HEPES-­buffered  Tyrode's  albumin   lactate  pyruvate  

media  containing  0.3%  bovine  serum  albumin  and  3%  hyaluronidase  (Sigma-­Aldrich,  St.  

Louis,  MO).  MI  and  MII  oocytes  as  well  as  germinal  vesicle  oocytes  were   incubated   in  

Tyrode's  albumin  lactate  pyruvate  plus  0.3%  bovine  serum  albumin  media  at  37°C  with  
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5%  CO2  for  4-­6  hours.  To  minimize  variability  between  sperm  donors,  fresh  semen  was  

collected  from  only  1  of  4  adult  male  rhesus  monkeys  of  average  paternal  age  (9.4  +  1.5  

years  old)  the  same  day  as  oocyte  retrieval  for  conventional  IVF.  Mature  MII  oocytes  were  

fertilized  with  sperm  diluted   to  20  x  106/ml   in  100  μL  drops  of  Tyrode's  albumin   lactate  

pyruvate  complete  media  (0.3%  bovine  serum  albumin  and  0.006%  sodium  pyruvate)  as  

previously   described   [251,   252].   Following   IVF   at   37°C  with   5%  CO2   for   14-­16   hours,  

excess   sperm   was   removed   from   the   fertilized   oocytes   to   visually   assessed   for   two  

pronuclei  and/or  two  polar  bodies.  Confirmed  zygotes  were  transferred  to  custom  EevaTM  

12-­well   polystyrene   petri   dishes   (Progyny,   Inc.,  San  Francisco,  CA;;   formerly  Auxogyn,  

Inc.)  and  cultured  in  100  μL  of  one-­step  commercial  media  supplemented  with  10%  serum  

protein  (LifeGlobal,  Guildford,  CT)  under  mineral  oil  (Sage™,  Trumbull,  CT)  at  37°C  with  

6%  CO2,   5%  O2  and  89%  N2.  Media  was   changed  every   two  days  by   transferring   the  

embryos  to  a  new  imaging  dish  until  collected  for  analysis.  All  animal  procedures  were  

performed   under   the   direction   and   assistance   of   the   veterinary   staff   and   animal  

technicians  in  the  Division  of  Comparative  Medicine  at  Oregon  National  Primate  Research  

Center  (ONPRC).  The  collection  and  preparation  of  oocytes  and  sperm  was  performed  

according   to   the   approved   Institutional   Animal   Care   and   Use   Committee   Assisted  

Reproductive  Technologies  Support  Core  protocol  #0095  entitled,  “Assisted  Reproduction  

in  Macaques.”    

  

  

Time-­Lapse  Imaging  

  

Rhesus  macaque   embryos  were  monitored  with   an   Eeva™   darkfield   2.2.1   or   bimodal  

(darkfield-­brightfield)  2.3.5  time-­lapse  microscope  system  (Progyny,  Inc.,  San  Francisco,  

CA)  as  previously  described  [91].  The  Eeva™  TLM  systems  were  comprised  of  an  inverted  
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microscope  with  light-­emitting  diode  illumination,  10X  Olympus  objective,  auto-­focus,  and  

5-­megapixel  complementary  metal-­oxide  semiconductor  digital  camera,  all  of  which  fit  into  

a  small  tri-­gas  incubator  (Panasonic  Healthcare,  Japan).  Embryos  were  imaged  every  5  

min.  with  a  0.6  second  exposure  time  for  one  day  in  the  case  of  2-­cell  embryos,  1-­2  days  

for  4-­cell  embryos,  and  1-­3  days  for  the  5-­  to  16-­cell  stage.  

  

  

Embryo  Disassembly  

  

The   zona  pellucida  was   removed   from  each  embryo  by  a  ~30   sec.   exposure   to  warm  

Acidified  Tyrode's  Solution   (EMD  Millipore,   Temecula,  CA)   and  washed  with  Ca2+   and  

Mg2+-­free  phosphate  buffered  saline  (PBS).  Cleavage-­stage  embryos  were  disaggregated  

into  single  blastomeres  and  polar  bodies  if  present  with  Quinn's  advantage  Ca2+  and  Mg2+-­

free  medium  with  HEPES  plus  10%  human  albumin  (Sage™,  Trumbull,  CT)  with  or  without  

brief  exposure  to  warm  0.05%  trypsin-­EDTA  (Thermo  Fisher  Scientific,  Waltham,  MA)  as  

necessary.  Each  blastomere  and  polar  body  was  washed  three  times  with  Ca2+  and  Mg2+-­

free  PBS  and  collected  individually  in  ~2  μL  of  Ca2+  and  Mg2+-­free  PBS  for  transfer  to  a  

sterile   Ultraflux™   PCR   tube   (GeneMate,   VWR,   Radnor,   PA).   All   of   the   above   was  

performed  under  a  stereomicroscope  equipped  with  a  digital  camera  (Leica  Microsystems,  

Buffalo  Grove,   IL),  which  has  movie-­making   capabilities,   to   document   the   collection  of  

every  sample.  Once  tubed,  samples  were  flash  frozen  on  dry  ice  and  stored  at  -­80°C.  Only  

embryos  for  which  the  disassembly  process  occurred  effectively  with  no  apparent  loss  of  

material  were  carried  forward  for  library  preparation  and  sequencing.    

  

  

Somatic  Cells  
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Human   B-­lymphocytes   (GM12878,   Coriell   Institute,   Camden,   NJ)   were   obtained   and  

processed  as  previously  described   [253].  Female  human  skin   fibroblasts   from  patients  

with  Monosomy  X  or  Trisomy  21  (GM10179  and  AG05024,  respectively,  Coriell  Institute,  

Camden,  NJ)   as  well   as   karyotypically   normal  male   and   female   rhesus  macaque   skin  

fibroblasts   (AG08312   and   AG08305,   respectively,   Coriell   Institute,   Camden,   NJ)   were  

grown   to   70%   confluency   in   Dulbecco's   Modified   Eagle's   medium   F12   (Gibco,  

Gaithersburg,  MD)  supplemented  with  10%  fetal  bovine  serum  (Sigma-­Aldrich,  St.  Louis,  

MO).  Cells  were  incubated  with  warm  0.05%  trypsin-­EDTA  for  suspension  and  the  trypsin  

inactivated  with  Dulbecco's  Modified  Eagle's  medium  F12  plus  10%  fetal  bovine  serum.  

The  cell  suspension  was  serially  diluted  in  Ca2+/Mg2+-­free  phosphate-­buffered  saline  until  

single  cells  were  detected  in  microdrops  under  the  stereomicroscope.  Individual  cells  were  

isolated  in  ~2  μL  of  Ca2+  and  Mg2+-­free  phosphate-­buffered  saline  and  transferred  to  the  

low-­retention  PCR  tubes,  quick  frozen  on  dry  ice,  and  stored  at  -­80°C  until  DNA  library  

preparation.   Karyotyping   of   50   metaphases   for   human   and   rhesus   macaque   primary  

fibroblasts  was  conducted  by  the  OHSU  Research  Cytogenetics  Laboratory.  

  

  

Parental  DNA    

  

Whole   blood   was   collected   in   K2EDTA   vacutainer   collection   tubes   (BD   Diagnostics,  

Franklin  Lakes,  NJ)  from  the  male  and  female  rhesus  macaques  used  to  produce  embryos  

in  this  study  by  the  Colony  Genetics  Resource  Core  within  the  Primate  Genetics  Program  

at  ONPRC.  Parental  DNA  was  extracted  using  the  Gentra®  Puregene®  blood  kit  (Qiagen,  

Germantown,  MD)  according  to  the  manufacturer’s  protocol.  Extracted  DNA  was  stored  

at  -­80°C  for  the  construction  of  sequencing  libraries.  



 39 

  

  

DNA  Library  Preparation    

  

Single  blastomere,  polar  body,  and  skin  fibroblast  samples  underwent  DNA  extraction  and  

whole   genome   amplification   (WGA)   using   the   PicoPlex   single-­cell   WGA   Kit   (Rubicon  

Genomics,   Ann   Arbor,   MI)   according   to   the   manufacturer’s   instructions   with   slight  

modifications.   The   three-­step,   one-­tube   protocol   applies   a   proprietary   amplification  

process   with   quasi-­random   primers   to   assure   the   production   of   highly   reproducible  

sequencing  libraries.  DNA  was  released  from  samples  with  cell  extraction  enzyme  at  75°C  

for  10  min.  The  DNA  was  subsequently  pre-­amplified  with  PicoPlex  pre-­amp  enzyme  and  

a  primer  mix  via  a  95°C  hotstart  for  2  min.  and  12  cycles  of  gradient  PCR.  Pre-­amplified  

DNA  was  further  amplified  with  PicoPlex  amplification  enzyme  and  48  uniquely-­indexed  

Illumina  sequencing  adapters  provided  by  the  kit  or  custom  adapters  with  indices  designed  

by   Andrew   Adey’s   laboratory   (Molecular   &   Medical   Genetics,   OHSU)   as   previously  

described  [253].  Adapter  PCR  amplification  consisted  of  a  95°C  hotstart  for  four  min.,  four  

cycles  of  95°C  for  20  sec.,  63°C  for  25  sec.,  and  72°C  for  40  sec.  and  lastly,  seven  cycles  

of  95°C  for  20  sec.  and  72°C  for  55  sec.  Individual  libraries  were  quantified  with  a  Qubit  

HS   DNA   kit   (Life   Technologies,   Eugene,   OR)   and   validated   for   sequencing   by   PCR  

amplification  of  the  adaptor  sequences  using  the  PCR  Primer  Cocktail  (Illumina  TruSeq®  

kit,  San  Diego,  CA)  and  visualized  by  2%  agarose  gel  electrophoresis.  Only  libraries  with  

DNA   quantities   greater   than   the   no-­template   controls   were   included   in   sequencing.  

Quantitated   and   validated   libraries  were   pooled   for  multiplexed-­sequencing   taking   into  

account  the  expected  and  desired  sequencing  coverage.  50  ng  of  DNA  was  prepared  from  

each  blastomere  or  fibroblast,  25  ng  from  polar  bodies,  and  5  ng  from  samples  with  low  to  

no   detectable   DNA   after   WGA   and/or   no   DNA   smear   indicative   of   a   positive   library  
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following   gel   electrophoresis.   Pooled   libraries   were   purified   with   AMPure®   XP   beads  

(Beckman   Coulter,   Indianapolis,   IN)   according   to   the   PicoPlex   instructional   manual.  

Purified   pooled   libraries   were   again   quantified   with   a   Qubit   HS   DNA   kit   and   quality  

assessed  by  a  2200  TapeStation  and/or  a  2100  Bioanalyzer   (both   from  Agilent,  Santa  

Clara,  CA).  Parental  DNA  samples  (1ug)  were  fragmented  using  the  Diagenode  Bioruptor  

Pico  (Denville,  NJ)  for  a  300-­400  base  pair  size  selection.  The  NEBNext®  DNA  Library  

Prep  Master  Mix  Set  and  NEBNext  Multiplex  Oligos  for  Illumina  (NEB,  Ipswich,  MA)  were  

then  used  to  generate  whole-­genome  sequencing  libraries  for  each  sample  following  the  

manufacturer’s   protocol.   The   libraries   were   quantified   with   the   Qubit   High   Sensitivity  

dsDNA  Assay  (Invitrogen)  and  size  distribution  assessed  with  a  2100  Bioanalyzer  High  

Sensitivity  DNA  Analysis  Kit  (Agilent).  

  

  

Multiplex  DNA  Sequencing  

  

Pooled  libraries  of  individual  blastomeres,  polar  bodies,  and  single  somatic  cell  libraries  

from  skin  fibroblasts  and  parental  DNAs  were  sequenced  on  Illumina  platforms  according  

to   the   following  scheme:   rhesus  macaque  single   fibroblast  control  samples   (N=7)  were  

first  sequenced  on  an  Illumina  MiSeq  (San  Diego,  CA)  using  the  150-­base  pair  paired-­end  

protocol  and  generated  a  total  of  ~28.4x106  reads  (~1.67x106  reads/sample).  An  additional  

22  single  fibroblasts  were  sequenced  on  an  Illumina  NextSeq  500  (San  Diego,  CA)  using  

a  75-­cycle  kit  with  a  modified  single-­end  workflow  that  incorporated  14  dark  cycles  at  the  

start  of  the  first  read  prior  to  the  imaged  cycles.  This  excluded  the  quasi-­random  priming  

sequences  that  are  G-­rich  and  lack  a  fluorophore  for  the  two-­color  chemistry  utilized  by  

the  NextSeq  platform  during  cluster  assignment.  From  these  cells,  a   total  of  ~34.6x106  

reads  (~1.57x106  reads/sample)  were  generated.    
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Based  on  the  similar  number  of  reads  obtained  per  sample  between  the  two  protocols,  

blastomere  and  polar  body  samples  were  sequenced  with  the  Illumina  MiSeq  using  the  

150-­base  pair  paired-­end  protocol  and  Illumina  NextSeq  using  a  customized  75-­base  pair  

single-­end  protocol.  Average  sequencing  statistics  are  provided  in  Table  1.  Parental  DNA  

multiplexed  libraries  were  sequenced  at  the  Oregon  State  University  Center  for  Genomic  

Research   and   Biocomputing   on   the   HiSeq   3000   platform   using   the   150   paired-­end  

protocol  for  a  total  of  2.84x109  reads  (1.56x108  reads/sample).  

  

All  raw  sample  reads  were  de-­multiplexed  and  sequencing  quality  assessed  with  FastQC  

as  previously  described  [254].  Illumina  adapters  were  removed  from  raw  reads  with  the  

sequence  grooming  tool,  Cutadapt  [255],  which  trimmed  15  bases  on  the  5'  end  and  five  

bases   from   the  3'  end,   resulting   in   reads  of  120-­base  pair  on  average.  Trimmed  reads  

were   aligned   to   the  most   recent   rhesus  macaque   genome   reference,  RheMac8   [256],  

using   the  BWA-­mem  option   of   the  Burrows-­Wheeler  Alignment   Tool   [257]  with   default  

alignment   parameters.   To   avoid   read   pile-­ups   due   to   common   repeats,   all   repeat  

sequences  were  “masked”  (converted  to  an  “N”)  in  the  RheMac8  reference  genome  using  

Repeat  Masker  [258].  Resulting  bam  files  were  filtered  to  remove  alignments  with  quality  

scores  below  30  (Q<30)  as  well  as  alignment  duplicates  that  were  likely  the  result  of  PCR  

artifacts  with  the  Samtools  suite  of  tools  [259].  

  

  

Copy  Number  Variant  Calling  

  

Variable  Non-­Overlapping  Window  CBS  (VNOWC)  Pipeline  
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Although   PCR-­based   WGA   is   more   effective   for   CNV   analysis   than   isothermal  

amplification  (non-­PCR)-­based  techniques  as  previously  shown  [50],  potential  biases  in  

read  accumulation  and  dropout  are  expected  to  exist  in  individual  samples  from  PicoPlex  

WGA.  To  model  the  background  rate  of  accumulation  and  dropout  expected  in  a  single-­

cell  normal  sample,   five  paired-­end  and  twenty  single-­end  sequenced  rhesus  macaque  

42XX  fibroblast  libraries  were  combined  to  form  a  paired-­end  and  single-­end  reference,  

respectively.  These  reference  samples  were  used  to  generate  variable-­sized  windows  with  

a  constant  number  of  expected  reads  per  window  (target  was  4,000).  The  same  windowing  

method  was  applied  for  reads  from  forty  single  human  fibroblast  samples.  At  this  step,  the  

windowing  approach  was  applied  to  each  sample  to  generate  read  count  only  plots.  For  

CNV   calling,   the   appropriate   species   reference   was   used   to   calculate   observed-­to-­

expected  ratios  of  read  counts  in  each  window  given  the  total  number  of  mapped  reads  

for  the  sample.  R  package  DNAcopy  (version  1.44.0,  [260])  was  used  to  perform  circular  

binary  segmentation  (CBS)  across  each  chromosome  and  identify  putative  copy  number  

changes  between  windows.  Since  the  initial  window  ratios  assume  that  reads  are  spread  

evenly   across   a   euploid   genome,   a   recalibration   step   was   necessary   to   correct   the  

expected  number  of  reads  given  putative  changes  in  copy  number.  Samples  with  mostly  

empty  windows  were  presumed  to  have  a  base  copy  number  of  one,  while  samples  with  

reads  in  the  majority  of  windows  were  assumed  to  have  a  base  copy  number  of  two.  The  

copy  number  estimates  provided  by  CBS  are  rounded  to  the  nearest  integer  and  plotted,  

along   with   the   corrected   ratios   for   each   window.   A   bioinformatics   pipeline   for   calling  

chromosomal  copy  number  was  developed   to   implement   the  above  steps   (available  at  

https://github.com/nathanlazar/Oocyte_CN).  Findings  from  this  custom  CNV  pipeline  were  

validated   with   a   secondary   approach   via   Gingko   (http://qb.cshl.edu/ginkgo),   an   open-­

source  web  tool  for  evaluating  single-­cell  CNVs.  To  determine  the  false  discovery  rate  of  

the   VNOWC   pipeline,   human   trisomy   21   and   monosomy   X   reads   from   10-­cell  
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karyotypically  euploid  fibroblasts  were  subsampled  100  times  to  levels  typical  of  a  single-­

cell  sample  (1M,  500K,  250K  and  100K  reads).  These  subsampled  reads  were  mapped  

to   4   different   sets   of  window  sizes   (made  expecting  500,   1000,   2000,   4000   reads  per  

window   in   controls)   for   a   total   of   1600   CNV   runs   per   cell   line.   Counts   and   standard  

deviations  for  unexpected  whole  and  segmental  CNVs  greater  than  15MBs  were  reported.    

  

CBS/HMM  Intersect  (CHI)  Pipeline  

  

A  pipeline  for  GC  bias  correction,  read  normalization  across  both  the  genome  and  within  

each  individual  sample,  and  CNV  calling  was  implemented  as  previously  described  [253].  

Both   the  Hidden  Markov  Model   (HMMcopy,  version  3.3.0,  Ha  et  al.  2012)  and  Circular  

Binary  Segmentation  (DNAcopy,  version  1.44.0,  [260])  packages  were  used  to  call  CNVs  

based  on  parameters  determined  in  Knouse  et  al.  [261].  All  calls  from  the  HMM  and  CBS  

methods  generated  CNV  profiles  of  variable  sized  windows   that  were   intersected  on  a  

window-­by-­window  basis.    

  

Integration  of  VNOWC  and  CHI  Pipelines  

  

To   optimize   the   accuracy   of   CNV   calling,   all   samples   were   analyzed   for   whole  

chromosome  losses  and  gains,  broken  chromosomes,  and  small  CNVs  (less  than  15  MB  

in   length)  by  both   the  VNOWC  and  CHI  methods.  Shared  CNV  calls  between   the   two  

methods   were   retained   and   discordant   CNV   calls   for   aneuploid   whole   and   broken  

chromosomes   were   further   examined.   Chaotic   aneuploid   samples   confirmed   by   both  

methods  and  discordant  small  CNV  calls  were  not  additionally  analyzed.  During  the  further  

assessment,  the  individual  VNOWC  chromosome  plot  of  the  discordant  CNV  call  was  first  

examined  to  determine  if  the  call  represented  the  integer  loss  or  gain  for  the  majority  of  
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estimated   copy  number  points  within   the  appropriate   range  of  windows.  Secondly,   the  

smoothed,  GC  corrected  individual  chromosome  HMM  CNV  plot  from  the  CHI  method  was  

analyzed  to  determine  if  the  majority  of  the  Log2  transformed  values  were  above  0.4  for  a  

gain  or  below  -­0.35  for  a  loss.  Thirdly,  the  smoothed,  GC  corrected  individual  chromosome  

CBS  CNV  plot  from  the  CHI  method  was  examined  to  determine  if  the  majority  of  the  Log2  

transformed  values  were  above  1.32  for  a  gain  or  below  0.6  for  a  loss.  If  two  out  of  these  

three   criteria   were   satisfied,   the   CNV   call   was   retained   or   otherwise,   a   conservative  

assessment  was  made  to  categorize  the  chromosome  in  question  as  intact  and  euploid.  

This  integration  of  a  dual-­pipeline  bioinformatics  strategy  provided  higher  confidence  calls  

than  using  each  method  alone.  Approximate  DNA  breakpoint  locations  were  identified  in  

rhesus   macaque   chromosome   ideograms   adapted   from  

http://www.biologia.uniba.it/macaque/,   http://www.biologia.uniba.it/primates/2-­

OWM/MMU/MMU,  and  [262].  

  

  

SNP  Parentage  Analysis  

  

The  whole  genome  reads  from  each  parent  and  embryonic  sample  were  processed  using  

a  pipeline  following  the  best  practice  recommendations  of  the  Broad  Institute’s  Genome  

Analysis   Toolkit   [GATK;;   [263,   264]],   but   adapted   for                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

macaque.   Briefly,   paired-­end   reads  were   trimmed   using   Trimmomatic   adaptive   quality  

trimming  [265]  and  aligned  to  the  Mmul_8.0.1  reference  genome  using  BWA-­MEM  [266].  

BAM  post-­processing   included   local   re-­alignment  around   indels  using  GATK  [264],  and  

marking   of   duplicate   reads   using   Picard   tools   (http://broadinstitute.github.io/picard).  

GATK’s  HaplotypeCaller  was  used  to  produce  gVCF  files  for  each  parent  and  embryonic  

sample,  followed  by  joint  genotype  calling  using  GenotypeGVCFs.  Parent  and  embryonic  
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samples  were   each   joint   genotyped   as   a   separate   set.   SNPs   located  within   repetitive  

regions   that   were   identified   using   RepeatMasker   [267]   available   from:  

http://www.repeatmasker.org)   were   removed.   The   sequence   data   was   managed   and  

analyzed   using   DISCVR-­Seq   (Bimber,   B.,   2015;;   available   from:  

https://github.com/bbimber/discvr-­seq/wiki),  a  LabKey  Server-­based  system  [268].  Due  to  

the  low  coverage  sequencing  of  the  embryonic  samples,  many  of  the  parental  SNPs  were  

observed  in  only  one  read  per  sample.  To  restrict  the  set  of  SNPs  to  only  those  of  high  

confidence,   it   was   required   that   there   be   at   least   two   reads   that   matched   either   the  

reference  or   alternate   allele   in   each  embryonic   sample.   Furthermore,  SNPs  were  only  

selected  for  which  the  two  parents  contained  opposite  homozygous  genotypes,  meaning  

all  reads  matched  one  allele  in  one  parent  and  the  alternative  allele  in  the  other  parent.  

While  these  restrictions  reduced  the  number  of  SNPs  per  sample,  it  was  more  reliable  and  

informative  for  determining  parentage  in  the  chromosomes  of  each  blastomere  and  polar  

body.  The  ratio  of  maternal  to  paternal  SNPs  was  used  to  assess  parental  inheritance  and  

overall  ploidy  for  visualization  by  heat  map  via  Morpheus  (Broad  Institute,  Cambridge,  MA)  

and  histogram  (Matlab  R2016a).  Significance  of  SNP  parental   ratios  was  examined  by  

cumulative  binomial  test  with  Bonferroni  correction.    
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Results  

  

  

Experimental   design   for   detection   of   aneuploidy   and   ploidy   errors   in   cleavage  

embryos  

  

To  determine  the  aneuploidy  frequency  in  disassembled  rhesus  macaque  cleavage-­stage  

embryos,   an   experimental   approach   was   developed   utilizing   single-­cell   DNA-­Seq   and  

time-­lapse   monitoring   (TLM)   to   non-­invasively   assess   preimplantation   development  

(Figure  3).  Oocytes  were  collected  over   the  course  of  13  different   IVF  cycles   from  13  

females   that   underwent   controlled   ovarian   hyperstimulation.   Mature   metaphase   (MII)  

oocytes  were  fertilized  with  sperm  via  conventional  IVF  and  presumed  zygotes  with  two  

polar   bodies   and/or   two   pronuclei   were   assessed   by   TLM   to   note   division   and  

morphological  parameters  indicative  of  embryo  chromosomal  status.  After  ~24-­96  hours,  

each  cleavage-­stage  embryo  was  disassembled  into  blastomeres  and  polar  bodies  if  still  

present.  Samples  from  43  whole  embryos  were  individually  isolated  for  PCR-­based  whole  

genome  amplification  and  DNA-­Seq.  Mapped  reads  were  assessed  by  chromosomal  copy  

number   variation   (CNV)   analysis   for   aneuploidy   detection   and   single   nucleotide  

polymorphism  (SNP)  assessment  to  determine  the  parental  origin  of  chromosomes.    

  

  

Chromosomal  copy  number  calling  in  single  embryonic  cells  

  

Samples  that  were  successfully  amplified  were  pooled  for  multiplex  sequencing  where  up  

to  300  samples  were  sequenced  in  one  run.  Across  all  successfully  sequenced  libraries,  

the   average   number   of   filtered   and   uniquely  mapped   sequencing   reads   obtained   from  
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individual   polar   bodies   and   blastomeres   was   0.6   and   1.2   million,   respectively.   To  

determine   chromosomal   copy   number,   a   bioinformatics   pipeline   was   developed   to  

compare  read  counts  in  contiguous  windows  across  the  genome  between  embryonic  cells  

and  a  known  rhesus  macaque  female  euploid  (42,XX)  fibroblast  control  (Figure  4A)  using  

a  combination  of  Variable  Non-­Overlapping  Windows  and  Circular  Binary  Segmentation  

(CBS)  called  VNOWC.  Before  applying  this  approach  to  embryos,  the  pipeline  was  trained  

and  tested  on  a  rhesus  macaque  male  euploid  (42,XY)  cell   line  (Figure  4A)  as  well  as  

human  fibroblasts  carrying  known  aneuploidies  (trisomy  21  or  monosomy  X)  (Figure  4B)  

to  calculate  the  window  coordinates.  The  number  of  uniquely  mapped  reads  from  rhesus  

macaque   and   human   fibroblast   samples   were   0.9   and   1.1   million,   respectively.   The  

VNOWC  bioinformatics  pipeline  was  able  to  successfully  detect  both  chromosome  losses  

and   gains   in   all   rhesus  macaque  and  human   fibroblast   samples,   including   single   cells  

(Figure  4C).  The   false  discovery   rate   for   the  VNOWC  pipeline  was  simulated   for  3200  

runs  using  reads  from  human  monosomy  X  and  trisomy  21  cells,  where  reads  from  trisomy  

21   cells   on   average   revealed   several   unexpected  CNV   calls   for  whole   and   segmental  

aneuploidies.   In  contrast,   the  monosomy  X  simulation  had  no  unexpected  CNVs  when  

windows  were  sizes  to  contain  2000  and  4000  reads  (Figure  4D  &  E).  A  previous  study  

has  also  reported  high  false  discovery  rates  when  assessing  CNVs  with  CBS  but  improved  

calling  confidence  when  intersected  with  a  Hidden  Markov  Model  (HMM)  [261].  Therefore,  

to  validate  the  chromosome  profiles  for  each  sample  and  provide  higher  confidence  CNV  

calling,   a   second  bioinformatics   pipeline  was  employed   that   utilized   the   intersection   of  

copy  number  calls  in  variable  sized  windows  by  both  CBS  and  HMM  called  the  CBS/HMM  

Intersect   (CHI)  method.  Overall,   most   CNV   calls   were   shared   between   both   pipelines  

(N=105/151;;   69.5%)   however   discordant   CNV   calls   detected   between   the   VNOWC  

(N=33/151;;  21.9%)  and  CHI  methods  (N=13/151;;  8.6%)  were  mostly  due  to  differences  in  

sub-­chromosomal  variation  (Figure  4F).  Discordant  calls  were  further  analyzed  based  on  
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recently  described  criteria   [253],  and  conservatively  estimated   that  58.1%  (N=25/43)  of  

the  chromosomes  in  question  were  affected  by  aneuploidy.    

  

  

Rhesus  macaque  cleavage-­stage  embryos  are  often  aneuploid  and  mosaic  due  to  

mitotic  errors  

  

Using  the  dual-­pipeline  bioinformatics  strategy,  the  chromosomal  status  of  423  individual  

samples   from   43   rhesus  macaque   cleavage-­stage   embryos   were   evaluated.   Of   these  

embryos,  42  contained  amplifiable  DNA  as  determined  by  high  mitochondrial   (mtDNA)  

read  counts  and  were  fully  sequenced  up  to  the  14-­cell  stage  for  CNV  calling  (Figure  5A).  

This  included  a  surprisingly  large  proportion  (N=38/206)  of  what  were  later  confirmed  to  

be  polar  bodies  by  SNP  analysis  (described  below)  and  assisted  in  the  determination  of  

meiotic  versus  mitotic  errors  (Table  2).  Each  blastomere  or  polar  body  was  classified  as  

euploid  or  aneuploid  and  the  type  of  aneuploidy  further  characterized  in  embryos  by  the  

following   criteria:   (1)   Meiotic   errors   were   primarily   identified   by   the   presence   of   an  

aneuploid  polar  body.  In  the  absence  of  polar  bodies  or  presence  of  only  one  euploid  polar  

body,  aneuploidy  was  considered  meiotic  if  the  same  chromosome  was  lost  or  gained  in  

all   sister   blastomeres.   (2)   Mitotic   errors   were   defined   as   different   and/or   reciprocal  

chromosomal  losses  and  gains  between  blastomeres  with  euploid  polar  bodies  if  present.  

(3)   Chaotic   aneuploidy   was   determined   as   greater   than   five   whole   or   segmental  

chromosomes   affected   in   at   least   one   blastomere   where   chromosome   distribution  

amongst  cells  appeared  unconstrained  and  random  as  previously  described  [1].  Based  on  

the   above   criteria,   28.6%   (N=12/42)   of   the   embryos   were   comprised   of   only   euploid  

blastomeres  with  no  chromosomes  affected,  whereas  71.4%  (N=30/42)  of   the  embryos  

contained  one  or  more  aneuploid  blastomeres  (Figure  5A  &  B).  Further  analysis  of  the  



 49 

aneuploid   embryos   revealed   that   47.6%   (N=20/42)   consisted   of   either   completely  

aneuploid   blastomeres,   whereas   23.8%   (N=10/42)   exhibited   euploid-­aneuploid  

mosaicism.  The  inheritance  of  meiotic  errors  (30%,  N=9/30)  and  the  occurrence  of  solely  

mitotic  errors  (30%,  N=9/30)  was  confidently  called  in  embryos,  with  the  remaining  40%  

(N=12/30)   either   incurring   both   types   of   errors   or   unknown   due   to   the   complexity   of  

chromosomal  mosaicism.  The  incidence  of  chaotic  aneuploidy  in  one  or  more  blastomeres  

of  embryos  was  33.3%  (N=14/42).   Interestingly,   this  appeared  to  be  mostly  confined  to  

embryos  fertilized  by  a  particular  sperm  donor  (N=11/14)  regardless  of  which  female  was  

used  for  IVF,  suggesting  paternal  contribution  to  this  type  of  chromosomal  abnormality.  

Additionally,   the   gender   ratio   was   equal   with   21   of   42   embryos   having   a   Y   sex  

chromosome  (Figure  5A).  Representative  examples  of  genome-­wide  chromosomal  CNV  

plots  from  embryos  with  euploid,  mosaic,  aneuploid,  and/or  chaotic  aneuploid  blastomeres  

are  shown  in  Figure  5C.  

  

  

Reciprocal   sub-­chromosomal   deletions   and   duplications   are   indicative   of  

chromosome  breakage  

  

Besides   whole   and   sub-­chromosomal   abnormalities,   10%   (N=3/30)   of   the   aneuploid  

embryos  also  contained  blastomeres  with  chromosomes  that  underwent  an  unbalanced  

break,   for   which   the   reciprocal   chromosome   segments   were   found   within   a   sister  

blastomere  (Figure  6A).  These  regions  were  examined  further  and  determined  that  the  

breakpoints   often   localized   near   heterochromatic   regions   of   existing   centromeres,  

inactivated   ancient   centromeres,   or   in   the   case   of   chromosome   10,   the   nucleolus  

organizer   region   [262].   Note   that   this   region   of   chromosome   10   is   adjacent   to   the  

centromere  and  corresponds  to  the  fission  breakpoint  between  the  chromosomal  region  
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homologous  to  human  10p  and  chromosomes  12  and  22  in  the  common  primate  ancestor  

[269].  The  frequency  of  whole,  segmental,  and  small  sub-­chromosomal  (<15Mb)  CNVs  

was   then   assessed   for   each   chromosome   (Figure   6B).   Excluding   chaotic   aneuploid  

samples,   chromosomes   1   and   2   were   the   most   highly   susceptible   to   segmental  

aneuploidy,   while   chromosome   19   experienced   the   greatest   incidence   of   whole  

chromosomal   instability.  However,  whole   chromosome  19   losses   and  gains   change   to  

large  segmental  CNVs  when  the  windows  were  reduced  from  4000  to  2000  read  counts.  

This   inconsistency   is   likely  due  to  high  GC  content   in   this  chromosome,  combined  with  

low   coverage   sequencing   as   previously   reported   for   human   chromosome   19   [261].   In  

contrast,  chromosome  20  [corresponding  to  chromosome  16  in  humans)  [270,  271]],  was  

the   least   frequently  affected  by  aneuploidy.  Of  note,  blastomeres  with   large  segmental  

CNVs   were   predominantly   located   at   the   terminal   ends   of   chromosomes   (N=33/37),  

indicating  that  chromosomal  breakage-­fusion-­bridge  (BFB)  cycles  likely  occur   in  rhesus  

macaque  embryos  as  described  for  human  embryos  [26].    

  

  

SNP  analysis  confirms  polar  body  identity  and  equivalent  parental  contribution  to  

aneuploidy    

  

It  is  generally  accepted  that  polar  bodies  degenerate  within  24  hours  of  extrusion  from  the  

oocyte   or   zygote   [272],   but   unexpectedly   a   large   proportion   of   polar   bodies   originally  

thought  to  be  cellular  fragments  were  identified  in  several  embryos  beyond  the  2-­  to  4-­cell  

stage  (Figure  7A).  To  validate  their  identity,  DNA  was  isolated  from  each  of  the  parents  

and   sequenced   for   comparison   of   maternal   versus   paternal   SNPs   in   all   embryonic  

samples.   Although   this   approach   prevented   highly   confident   genotyping   of   individual  

SNPs,  combining  the  data  across  the  chromosome  for  numerous  SNPs  provided  greater  
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assurance  in  SNP  calling  than  each  SNP  alone.  As  shown  in  Figure  7A,  the  proportion  of  

maternal  SNPs  was  significantly  different  (p<2.35x10-­4,  binomial  test)  from  the  expected  

50%,  with  greater  than  79%  on  average  of  SNPs  in  presumptive  polar  bodies  identified  as  

maternal  in  origin.  While  both  polar  bodies  were  obtained  from  only  ~21%  (N=9/42)  of  the  

embryos  and  primarily  at   the  early  cleavage  stages,  ~74%  (N=28/38)  of   those   isolated  

were   euploid.   This   supports   the   finding   that   mitotic   errors   are   either   equally   or   more  

prevalent   than   meiotic   errors   in   embryos   from   rhesus   macaque   females   of   average  

maternal  age.    

  

After   confirming   the   identity   of   polar   bodies,   SNP  genotyping  was   used   to   assess   the  

parental  origins  of  all  chromosomes  in  each  blastomere  (Figure  7B)  using  an  approach  

similar   to   that  described   for  human  embryos   [273].  While   the  majority  of  embryos  with  

euploid  chromosomes  (75%;;  N=9/12)  were  equally  biparental  in  origin,  the  SNP  analysis  

showed   that   two   of   the   embryos   contained   blastomeres   with   chromosomes   that   were  

entirely  from  the  mother  (embryos  8  and  25).  SNP  genotyping  also  revealed  at  least  one  

case  of  a  paternally  contributed  meiotic  error   (embryo  15;;  chromosome  1  monosomy).  

Unexpectedly,  although  all   zygotes   in   this  study  were  confirmed   to  have  either  2  polar  

bodies  and/or  2  pronuclei,  a  significant  proportion  of  embryos  had  abnormal  ploidies.  The  

proportion   of   embryos   that   were   biparental   (N=20/38),   maternal-­only   (gynogenetic;;  

N=5/38),  paternal-­only  (androgenetic;;  N=1/38),  polyploid  (N=9/38),  had  a  mix  of  biparental  

and  uniparental  or  triploid  cells  (mixoploid;;  N=3/38)  is  shown  by  histogram  in  Figure  7C  

and  via  heat  maps  (Figure  8).  Further  analysis  confirmed  the  uniparental  inheritance  of  

gynogenetic   and   androgenetic   embryos   and   suggested   that   polyploid   embryos   were  

triploid   with   two   copies   of   maternal   chromosomes   and   one   copy   of   each   paternal  

chromosome  (Figure  7D).    
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Multipolar  divisions  often  lead  to  chromosome  loss  and  chaotic  aneuploidy  

  

A  number  of  the  embryos  sequenced  in  this  study  displayed  multipolar  divisions  at  the  1-­  

or  2-­cell  stage  of  preimplantation  development  as  detected  by  TLM  analysis  (N=13/42).  In  

addition  to  the  sequenced  embryos  reported  here,  for  all  dividing  embryos  cultured  in  our  

lab  up  until  March  2017,  23.2%  (N=42/181)  underwent  a  multipolar  division  at  the  1-­  or  2-­

cell   stage.   Moreover,   some   of   the   zygotes   that   underwent   a   multipolar   division   were  

noticeably  speckled  in  appearance  reminiscent  of  multiple  MTOCs  in  mouse  zygotes  that  

undergo  acentrosomal  spindle  assembly  [155]  and  aster-­like  structures  in  human  MI  and  

MII  oocytes   [274]   (Figure  9).  When  higher  order  mitotic  divisions  were  evaluated   in  all  

embryos,  only  one  of   the  14  sequenced  embryos  with  multipolar  divisions  was  euploid,  

while   the   remaining  embryos  exhibited  varying  degrees  of  chromosomal  abnormalities,  

with  chaotic  aneuploidy  being  the  most  prevalent  in  57%  (N=8/14)  of  the  cases  (Figure  

10A).  Notably,  chaotic  aneuploidy  was  observed  in  almost  every  blastomere  in  each  of  

these   eight   embryos   following  multipolar   divisions   as   demonstrated   by   the   example   in  

Figure  10B.  Additionally,  more  than  half  of  the  embryos  (N=6/10)  with  at  least  one  empty  

blastomere  (Figure  5A)  had  undergone  multipolar  divisions  at  the  1-­  or  2-­cell  stage.  SNP  

analysis  of  parental  ratios  confirmed  that  multipolar  divisions  most  often  result  in  chaotic  

aneuploidy   (Figure   10C)   and   all   chaotic  multipolar   embryos   originated   from   the   same  

sperm  donor,  suggesting  paternal  contribution   to   this   type  of  chromosomal  abnormality  

(Figure  11).  Also  using  SNP  analysis   for  whole  embryo  ploidy  determination,  71.4%  of  

embryos  that  had  a  multipolar  division  were  either  mixoploid  (N=1),  gynogenetic  (N=4),  or  

triploid  (N=5)  where  embryos  were  digynic  with  one  paternal  set  of  chromosomes.    
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In  another  notable  multipolar  embryo  (Figure  10D),  loss  of  one  copy  of  chromosomes  4,  

8,   and  16  was  detected   in   three  blastomeres  and   the   reciprocal   three   copies  of   these  

chromosomes  were   identified   in   two  other  blastomeres   from   the  same  embryo   (Figure  

10E  &  F).  Based  on  the  3:1  chromosomal  ratios,  this  indicates  that  chromosome  lagging  

or   mitotic   nondisjunction   occurred   early   in   development   and   likely   during   the   tripolar  

division   observed   at   the   zygote   stage,   which   was   propagated   by   subsequent   bipolar  

divisions.   However,   the   blastomeres   with   the   chromosomal   4,   8,   and   16   gains   also  

exhibited  only  a  single  copy  of  chromosome  19  and  uniparental  disomy  or  complete  loss  

of  chromosome  15  (blastomere  5,  9,  and  10,  respectively).  Missing  chromosomes  15  and  

19  were  detected  in  additional  cells  (blastomere  3,  7,  and  8)  isolated  from  this  embryo  that  

appeared  unusual  in  shape  and  size  upon  disassembly  (Figure  10E  &  F).  By  employing  

SNP  parentage  analysis,  the  losses  of  chromosome  15  and  19  in  these  blastomeres  were  

confirmed   to   be   a   nondisjunction   event.   This   is   based   on   findings   of   only   paternal  

chromosomes  15   and   19   in   blastomeres   3,   7,   and   8,   and   the   corresponding  maternal  

chromosomes   in   blastomeres   5,   9,   and   10   as  well   as   biparental   contribution   of   these  

chromosomes   in  blastomeres  1,  2,  and  4   (Figure  10G),  all  of  which   is  depicted   in   the  

embryo  schematic  shown   in  Figure  10H.  Since  multipolar  divisions   frequently   result   in  

asymmetrical   segregation   of   chromosomes   in   other   cell   types   [275]   and   the   observed  

correlation  of  empty  blastomeres  and  higher  order  divisions,  these  findings  suggest  that  

multipolar  divisions  further  propagate  chromosomal  instability  in  embryos.    
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Discussion  

  

It  is  now  well  established  that  human  IVF  embryos  have  a  high  incidence  of  aneuploidy  

which  often  leads  to  implantation  failure  and  early  embryo  loss  during  pregnancy.  While  

difficult  to  ascertain,  aneuploidy  is  also  thought  to  be  largely  responsible  for  spontaneous  

miscarriages   following  natural  conceptions   [13-­16]  and  may  explain  cases  of   idiopathic  

infertility  in  the  human  population  [276].  This  generally  does  not  occur  in  mouse  embryos,  

which  require  chemical  induction  to  achieve  aneuploidy  at  a  frequency  similar  to  humans  

[20].   Unlike  mice,   both   women   and   female   rhesus  macaques   are  monovular   species,  

typically   ovulating   only   one   mature   oocyte-­containing   follicle   per   month,   and   undergo  

similar  menstrual   cycles   [277].  Moreover,   human  and   rhesus  macaque  embryos  share  

other  key  characteristics  distinct   from  the  mouse,   including   the  developmental  stage  at  

which   the  major  wave   of   EGA   occurs   and   the   typical   percentage   of   embryos   that  will  

successfully   reach   the   blastocyst   stage   [123,   278-­280].   An   examination   of   pregnancy  

success   in   the   rhesus   macaque   time-­mated   breeding   colony   at   the   Oregon   National  

Primate  Research  Center  during  a  similar  timeframe  as  this  study  (November-­May;;  2013-­

2017)  revealed  that,  of  the  confirmed  ovulation  and  mating  cases,  only  26.5%  (N=72/272)  

resulted   in   a   live   birth   to   suggest   a   similar   correlation   between   in   vitro   and   in   vivo  

conceptions  as  humans.  

  

In   this   chapter,   single-­cell   whole-­genome   sequencing   was   used   to   examine   all  

blastomeres   and   polar   bodies   of   42   cleavage   stage   embryos.   This   assessment   was  

carried  out  with  an  in-­house  built  CNV  pipeline  called  VNOWC.  Although  CNV  calls  were  

very   accurate,   there   were   evident   false   positives   present   in   samples   with   sparser  

sequencing.  To  gather  an  estimate  of  the  frequency  of  false  positive  calls,  reads  from  the  

human   trisomy   21   and   monosomy   X   10-­cell   pool   fibroblast   samples   were   simulated  
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through  1600  runs  each  for  varying  window  sizes  and  number  of  mapped  reads  (Figure  

4D  &  E).  As  expected,  with   increasing  window  sizing,   the  number  of   false  positives   for  

whole  and  segmental  aneuploidies  decreased  but  only  for  the  monosomy  X  samples.  The  

trisomy   21   samples   had   more   false   positive   CNV   calls   that   fluctuated   with   increased  

window  sizes.  To  explain  these  results  for  the  trisomy  21  sample,  it  is  possible  that  real  

whole  and  segmental  aneuploidies  were  present  in  the  10-­cell  pool  but  went  undetected  

due   to   mosaicism.   It   is   well   known   that   cultured   cells   will   develop   aneuploidies   with  

passaging,   so   the   rhesus   macaque   and   human   fibroblast   cells   used   to   develop   the  

VNOWC   pipeline   were   karyotyped.   Both   the   human   monosomy   X   and   trisomy   21  

fibroblasts   were   stable   with   less   than   6%   of   cells   having   additional   aneuploidies,  

specifically  chromosome  losses  which  were  likely  the  result  of  slide  preparation  artifacts.  

Since  karyotyping  results  did  not  help  explain  the  higher  than  expected  false  positives  of  

trisomy  21  fibroblasts,  all  CNV  calls  from  the  VNOWC  pipeline  were  cross  referenced  with  

the  CHI  CNV  pipeline  to  confidently  call  CNVs  in  embryonic  samples.    

  

Overall,  CNV  analysis  of  42  cleavage-­stage  rhesus  macaque  embryos  demonstrated  that  

macaques   and   humans   also   have   high   embryonic   aneuploidy   frequencies   in   common  

(73%  vs.  50-­80%,  respectively).  To  note,  in  this  study,  whole  chromosome  aneuploidies  

were   not   observed   for   rhesus   macaque   chromosome   20   in   non-­chaotic,   aneuploid  

blastomeres  (Figure  6B).  The  low  aneuploidy  rate  seen  for  chromosome  20  may  explain  

why  a  greater   number   of   euploid   embryos  were   reported   in   previous   rhesus  macaque  

cytogenetic  DNA-­FISH  studies  that  included  probes  for  human  chromosome  16  (rhesus  

macaque   chromosome   20)   [23-­25].   In   addition   to   whole   aneuploidies,   segmental  

aneuploidies  were  also   frequent   (Figure  6B)   and   represented   large  segmental   losses,  

duplications,  and  amplifications  in  blastomeres  at  the  terminal  ends  of  chromosomes,  a  

finding  that  is  supported  by  terminal  imbalances  and  extensive  post-­meiotic  chromosomal  
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rearrangements   known   as   breakage-­fusion-­bridge   cycles   in   human   embryos   [26].  

Embryos   were   also   assessed   for   ploidy   errors   with   SNP   genotyping   to   determine  

chromosome  parentage.  Surprisingly,  ploidy  errors  were  common  in  this  study,  as  ~47%  

of  embryos  were  not  entirely  biparental.  A  major  disadvantage  with  the  study  design  was  

that  very  few  sperm  donors  provided  the  paternal  half  of  the  genome  for  embryos.  Only  5  

males  were  used  for  the  13  IVF  cycles  reported  in  the  CNV  analysis  part  of  the  study.  For  

the  SNP  analysis,  to  determine  the  ploidy  of  38  embryos,  only  3  males  were  used.  Since  

the  centrosome  from  the  sperm  sets  up  the  first  cell  divisions  of  the  cleaving  embryo,  the  

repeated  utilization  of  only  3  males  skews  the  results  to  errors  that  are  more  likely  to  be  

derived  from  defects  created  by  the  sperm.    

  

Even   still,   there   are   very   few   studies   that   examine   the   frequency   of   ploidy   errors   in  

conjunction  with  aneuploidy  detection  in  embryos.  In  the  fertility  clinic,  embryos  with  ploidy  

errors  are  often  avoided  by  performing  intracytoplasmic  sperm  injection  to  ensure  that  only  

one  sperm  fertilizes  an  MII  oocyte.  Embryologist  also  confirm  biparental  contribution   to  

human  zygotes  by  detecting  the  presence  of  two  polar  bodies  and  two  pronuclei.  In  this  

study,  rhesus  macaque  zygotes  were  also  required  to  have  two  polar  bodies  however  the  

presence  of  two  pronuclei  was  not  detected  in  every  embryo  as  some  zygotes  underwent  

syngamy   before   they   were   checked   in   the   morning   following   conventional   IVF.  

Nonetheless,  abnormal  ploidy  was  detected  in  rhesus  macaque  embryos  that  satisfied  the  

same  criteria  used  in  human  fertility  clinics.  This  extent  of  ploidy  errors  in  conjunction  with  

CNV   errors   has   been   reported   in   bovine   using   in-­vitro   matured   oocytes   [21].   Studies  

examining   ploidy   and   CNV   status   for   the   same   embryo   have   not   been   conducted  

extensively   in   human   embryos   to   determine   how   frequently   this   happens.  With   this   in  

mind,   the  ploidy  status  of  zygotes  produced  by  conventional   IVF  should  be   interpreted  

with   a   degree   of   caution   as   the   presence   of   2   polar   bodies   and/or   two   pronuclei   was  
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insufficient  for  discerning  ploidy  in  some  cases.  On  that  premise,  the  methods  presented  

here   for  examining  ploidy  and  CNVs   in   the  same  embryo  provides  a  new  approach   to  

broaden  PGS  platforms  through  sequencing  by  incorporating  SNP  genotyping  when  the  

parental   DNA   is   available.   Along  with   the   prevalence   of   uniparental   disomy   in   human  

embryo  studies  [26],  a  better  understanding  of  ploidy  errors  within  the  embryo  may  help  

explain  why  seemingly  normal  euploid  embryos  fail  to  implant  [281].    

  

Multipolar   divisions  were  also  observed   in   this   study  at   the   zygote  or   2-­cell   stage  and  

happened  more  frequently  than  in  human  embryos,  at  least  for  the  few  studies  that  have  

reported  this  event  [77,  282].  Interestingly,  several  embryos  that  underwent  a  multipolar  

division  in  this  study  did  not  have  extensive  fragmentation  (discussed  in  chapter  2)  and  

often  appeared  to  have  normal  morphology  and  even  blastomere  size  (Figure  10B).  This  

finding  would   indicate   that   static  morphological   assessment   of   embryos   cannot   detect  

multipolar   divisions   and   that   TLM   is   required   to   distinguish   normal,   non-­fragmented  

cleavage-­stage   embryos   from   those   that   likely   have   errors   resulting   from   a  multipolar  

division.   The  most   prevalent   type   of   chromosomal   abnormality   observed   in   multipolar  

embryos  was  chaotic  aneuploidy  and  all  of  these  embryos  shared  a  common  sperm  donor.  

Because   the   centrosome   for   the   first   mitotic   division(s)   is   paternally   inherited   in  most  

mammalian   species   except   rodents   [283,   284],   this   indicates   that   aberrant   or  

supernumerary   centrosomes   from   the   sperm   likely   contributed   to   multipolar   divisions.  

Curiously,   one   multipolar   embryo   was   mixoploid,   containing   a   mix   of   biparental   and  

androgenetic  blastomeres.  Although  the  zygote  of   this  embryo  had  2  polar  bodies,   it   is  

possible  that  three  pronuclei  were  present  but  went  undetected.  A  scenario  for  how  this  

mixoploid  embryo  was  generated  could  be  that  two  sperm  fertilized  the  oocyte  resulting  in  

2  male  pronuclei  and  1  female  pronucleus.  As  a  result  of  the  two  centrosomes  deposited,  



 58 

the  zygote  underwent  a  multipolar  division  after  syngamy  of  one  male  and  one   female  

pronucleus  where  the  second  male  pronucleus  was  partitioned  into  its  own  blastomere.    

  

Upon  observing  tripolar  divisions  at  the  zygote  stage,  it  was  anticipated  that  most  these  

embryos  would  be  triploid  resulting  from  polyspermy.  However,  this  was  not  the  case.  Of  

the  multipolar  embryos  that  were  polyploid,  a  60-­75%  ratio  of  maternal  SNPs  to  paternal  

SNPs   was   always   observed   indicating   these   embryos   were   digynic   triploids   with   one  

paternal  set  of  chromosomes.  Other  findings  that  merit  discussion  are  that  gynogenetic  

and  biparental  embryos  also  had  multipolar  divisions,  indicating  that  sperm  centrosome  

duplications  or  defects  are  not  necessary  for  multipolar  division  to  occur.  Gynogenetic  and  

triploid  embryos  also  often  exhibit  supernumerary  centriole  pairs  and  multipolar  spindles  

[167,   285].   In   some   zygotes,   what   appeared   to   be   distinct   puncta   for   MTOCs   were  

detected  in  some  gynogenetic  and  triploid  embryos  that  underwent  a  multipolar  division  

(Figure   9).   These   puncta  were   consistent  with  MTOCs   seen   during  multipolar   spindle  

formation   in   another   study   where   mouse   embryos   use   this   process   for   the   first   cell  

divisions   [155].   Since   the   centrosome-­depositing   sperm   is   also   responsible   for   oocyte  

activation   via   calcium   oscillations   during   fertilization   [150,   151],   it   seems   likely   that  

premature  oocyte  activation  and/or  defective  centrosome  inheritance  from  the  father  may  

also   contribute   to   the  multipolar   divisions   observed   in   gynogenetic   and   digynic   triploid  

embryos.  

  

Overall,  the  findings  presented  here  not  only  confirm  that  the  rhesus  macaque  embryo  is  

similar  to  the  human  in  terms  of  a  high  aneuploidy  frequency  but  also  demonstrates  the  

utility   of   single   cell   sequencing   and   time-­lapse   imaging   for   studying   causes   and  

consequences  of  aneuploidy  and  ploidy  errors  at  this  stage.    
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Table  1.  Average  sequencing  statistics  for  blastomeres  and  polar  bodies  
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Table  2.  Summary  of  copy  number  states  for  sequenced  cleavage-­stage  embryos  
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Figure  3.  Approach  for  assessing  CNVs  and  chromosome  parentage  in  embryos.  

Mature   and   immature   oocytes   were   obtained   from   reproductive-­age   female   rhesus  

macaques   undergoing   controlled   ovarian   stimulation.  MII   oocytes   displaying   one   polar  

body  were  fertilized  by  conventional  IVF  with  sperm  from  reproductive-­age  males.  Early  

mitotic  divisions  of  presumptive  zygotes  identified  by  two  pronuclei  and/or  two  polar  bodies  

were  monitored  by  time-­lapse  imaging.  Cleavage-­stage  embryos  were  disassembled  into  

individual   blastomeres   and   polar   bodies.   Single   cells   underwent   PCR-­based   whole  

genome  amplification  (WGA)  and  mapped  reads  were  analyzed  by  DNA-­sequencing  for  

copy  number  variation  (CNV)  and  single  nucleotide  polymorphism  (SNP)  assessment.  
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Figure  4.  Single  cell  CNV  pipeline  development.    

Karyotyping   results   of   50  metaphase   spreads   for   (A)   rhesus  macaque   XX   passage   3  

fibroblasts,  rhesus  macaque  XY  passage  3  fibroblasts,  (B)  human  monosomy  X  passage  

6  fibroblasts,  and  human  trisomy  21  passage  9  fibroblasts.  (C)  Chromosome  CNV  plots  

from   10-­,   5-­,   and   1-­cell   rhesus  macaque  male   fibroblasts   (42,XY)   and   human   female  

fibroblasts  with  known  trisomy  21  (47,XX)  or  monosomy  X  (45,X).  Simulated  (D)  whole  

and  (E)  segmental  chromosome  false  discovery  counts  for  10-­cell  trisomy  21  (47,XX)  or  

monosomy  X   (45,X)   samples  where  mapped   reads  were   sub-­sampled   down   to   100K,  

250K,  500K,  and  1000K  across  500,  1000,  2000,  and  4000  reads  per  window.  (F)  Venn  

diagrams  depicting  the  numbers  and  percentages  of  overlap  (orange)  versus  discordant  
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CNV  calls  between  VNOWC  (yellow)  and  CHI  (pink)  CNV  pipelines  following  primary  and  

secondary  assessment  of  whole  and  segmental  (seg.)  aneuploidies.  
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Figure  5.  Assessment  of  whole  and  sub-­chromosomal  aneuploidies  in  single  blastomeres  

and  polar  bodies.  

(A)  Summary  of  CNV   in   rhesus  macaque  embryos   (N=42)   from   the  2-­   to  14-­cell  stage  

analyzed  by  single-­cell  DNA-­Seq.  Stacked  bars  represent  euploid  (yellow)  and  aneuploid  

(orange)  polar  bodies;;  euploid  (green),  aneuploid  (light  blue),  and  chaotic  aneuploid  (dark  

blue)  blastomeres;;  no  WGA  (gray);;  and  empty  blastomeres  (white)  detectable  by  mtDNA  

read   counts,   but   no   genomic   DNA.   N=   231   samples.   Blastomeres   and   polar   bodies  

classified   as   aneuploid   that   only   contained   broken   chromosomes   are   labeled   with   an  

asterisk   (*).  ♂:  Y  chromosome  present  ♀:  Only  X  chromosome(s)  present.   (B)  Overall  

percentage  of  42  embryos  with  euploidy,  aneuploidy,  or  mosaicism.  (C)  CNV  plots  from  

representative  examples  of  embryos  categorized  as  euploid,  euploid-­aneuploid  mosaic,  

aneuploid,  or  chaotic  aneuploid.  
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Figure  6.  Copy  number  variations  per  chromosome  and  reciprocal  breaks.    

(A)   The   CNV   plots   of   three   embryos,   in   which   broken   chromosomes   resulted   in   a  

reciprocal   loss   and   gain   of   chromosome   segments   between   two   blastomeres   (left).  

Rhesus  macaque  chromosome  ideograms  showing  the  approximate  breakpoint  locations  

(arrowheads;;   right)   with   horizontal   lines   representing   conserved   breakpoints   between  

human  and  rhesus  macaque  syntenic   regions  and   the  vertical   lines   in  chromosome  10  

delineating   the  heterochromatic  nucleolus  organizer   region  adjacent   to   the  centromere.  

The  light  gray  circle  in  chromosome  18  designates  the  ancestral  inactivated  centromere  

location,  which  overlapped  the  reciprocal  breakpoint  in  blastomeres  1  and  2.  (B)  Stacked  

bar  chart  representing  whole  (orange)  or  segmental  (gray)  chromosome  CNVs  observed  

in   all   non-­chaotic   aneuploid   samples.   The   frequency   of   small   sub-­chromosomal  CNVs  

(<15MB)  is  also  shown  for  each  chromosome  (blue).  B,  blastomere;;  PB,  polar  body;;  ch,  

chromosome.  
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Figure   7.  SNP   profiling   confirms   polar   bodies   and   reveals   the   complexity   in   parental  

contribution  to  aneuploidy.    

(A-­B)  Heat  maps  of  the  SNP  parentage  ratios  in  all  samples.  Each  embryo  is  separated  

by   vertical   dotted   lines.   Pink   boxes   indicate  maternal,   blue   boxes   paternal,   and   black  

boxes   represent  biparental   inheritance.  White  boxes  show   that  either   the  chromosome  

was  not  detected  in  a  sample  or  it  could  not  be  called  with  high  confidence.  (A)  The  ratio  

of   parental  SNPs   in  presumptive  polar   bodies   confirmed   that   they  were  predominantly  

maternal  in  origin.    
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Figure   7.  SNP   profiling   confirms   polar   bodies   and   reveals   the   complexity   in   parental  

contribution  to  aneuploidy.    

(B)  Maternal  versus  paternal  SNP  analysis  of  euploid,  aneuploid,  a  mixture  of  euploid  and  

aneuploid   blastomeres   (mosaic),   or   chaotic   aneuploid   embryos.   Samples  were   further  

sorted  based  on  the  paternal  donor,  cell  type,  mitotic  divisions,  and  copy  number  status,  

which   uncovered   at   least   one   instance   of   a   paternally   contributed   meiotic   error   in  

chromosome  1.  
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Figure   7.  SNP   profiling   confirms   polar   bodies   and   reveals   the   complexity   in   parental  

contribution  to  aneuploidy.    

(C-­D)  Histograms  showing  the  distribution  of  SNP  ratios  across  blastomeres  (dark  gray)  

and  polar  bodies  (pink).  (C)  The  frequency  of  SNPs  ratios  in  each  sample  showed  that  the  

majority  of  rhesus  macaque  embryos  were  biparental,  but  a  proportion  of  androgenetic,  

gynogenetic,   polyploid,   and   mixoploid   embryos   were   also   observed.   (D)   SNPs   ratios  

further  stratified  into  individual  maternal  versus  paternal  chromosome  number  confirmed  

uniparental  or  biparental  inheritance.  
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Figure  8.  Use  of  SNP  genotyping  to  determine  embryo  ploidy  and  parental  inheritance.    

Heat   maps   of   maternal   versus   paternal   SNP   ratios   determined   that   embryos   were  

uniparental  (androgenetic  or  gynogenetic),  polyploid  shifted  towards  maternal  SNPs,  or  

biparental   in   origin.   A   small   proportion   of   the   biparental   embryos   were  mixoploid   and  

contained   androgenetic,   parthenogenetic,   or   polyploid   blastomeres   amongst   euploid  

blastomeres.  
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Figure  9.  “Speckled”  embryo  undergoing  tripolar  division.  

Several  zygotes  that  underwent  a  multipolar  division  has  dynamic  “speckles”  at  the  zygote  

and  early  cleavage  stages.  The  “speckles”  bear  resemblance  to  MTOCs.  

  



 72 

  
  
Figure  10.  Multipolar  divisions  in  embryos  often  result  in  chromosome  loss  and  chaotic  

aneuploidy.    

(A)  Graphical  representation  of  the  overall  ploidy  in  rhesus  macaque  embryos  (N=14)  with  

at  least  one  multipolar  division  during  early  mitosis.  (B)  CNV  plots  of  blastomeres  from  an  

embryo,   which   underwent   a   multipolar   division   at   the   zygote   stage,   showing   chaotic  

aneuploidy   in   every   cell.   Inset   is   a   stereomicroscope   image   of   blastomere   5   with   a  

protrusion  reminiscent  of  a  cellular  fragment.  
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Figure  10.  Multipolar  divisions  in  embryos  often  result  in  chromosome  loss  and  chaotic  

aneuploidy.    

  
(C)  Heat  map  of  SNP  parentage  ratios  in  embryos  that  underwent  bipolar  or  a  multipolar  

cleavage  during  the  first  two  cell  divisions.  
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Figure  10.  Multipolar  divisions  in  embryos  often  result  in  chromosome  loss  and  chaotic  

aneuploidy.    

(D)  Darkfield  time-­lapse  images  of  an  embryo  at  the  zygote  stage  undergoing  a  tripolar  

division.  Arrowheads  point  to  three  simultaneous  cleavage  furrows.  (E)  Stereomicroscope  

image  of  the  same  embryo  still  intact  (inset)  and  then  disassembled.  Blastomere  6  lysed  

and  is  demarcated  with  an  asterisk  (*).  (F)  The  CNV  plots  of  all  intact  blastomeres  from  

the   embryo   showing   multiple   reciprocal   chromosome   losses   and   gains.   Dotted   lines  

delineate  irregularly  shaped  blastomeres  that  each  contained  only  two  chromosomes.  
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Figure  10.  Multipolar  divisions  in  embryos  often  result   in  chromosome  loss  and  chaotic  

aneuploidy.    

(G)  Heat  map  of  maternal  versus  paternal  SNP  ratios  for  the  embryo  demonstrates  that  

the  reciprocal  loss  and  gain  of  these  two  chromosomes  was  due  to  either  nondisjunction  

or  anaphase   lagging.   (H)  Schematic  of   the  probable  chromosome  content  of  each  cell  

from  the  embryo  during  early  mitotic  divisions  based  on  imaging  and  CNV  analysis.  
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Figure  11.  SNP  profiles  based  on  paternal  donor.    

Parental  SNP  analysis  of  embryos  divided   into  different  heat  maps  according   to  sperm  

donor  ID.    
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Preface:  Chapter  2  

  

It   is   difficult   to   reconcile   the  degree  of   chromosomal   instability   detected   in  human  and  

rhesus  macaque  embryos  and  the  incredible  success  of  in  vitro  fertilization.  If  50-­80%  of  

human  embryos  have  aneuploidy,   it   seems   it  would  be  much  more  difficult   to  become  

pregnant   or   select   an   embryo   for   transfer   that   is   entirely   euploid.   Human   and   rhesus  

macaque   embryos,   among   other   species,   have   unusual   cellular   attributes   and   do   not  

adhere  to  textbook  descriptions  of  cell  divisions.  As  discussed  in  chapter  one,  multipolar  

divisions  and  complex  ploidy  errors  such  as  mixoploidy  are  observed,  but  in  some  cases,  

result  in  embryos  that  are  mosaic  with  normal  and  abnormal  cells.  Sometimes  cytokinesis  

during   the   first   cell   divisions   does   not   behave   as   expected.   Often,   many   cytoplasmic  

bodies  will  pinch  off  resulting  in  the  generation  of  two  daughter  cells  along  with  a  dozen  

or  so  cellular  fragments  in  the  process.  These  unique  cellular  events  will  also  often  occur  

concurrently  with  chromosome  segregation  errors  and  ploidy  states  that  are  not  biparental.  

To  add,  recent  studies  find  that  transferred  human  mosaic  embryos  implant  and  produce  

normal  children.  Such  discoveries  indicate  that  we  do  not  fully  grasp  the  consequences  of  

aneuploidy   in   the   embryo.   That   embryos   with   such   a   high   frequency   of   chromosomal  

instability   also   undergo   abnormal   cellular   dynamics   may   not   be   coincidental.   In   this  

chapter,  cellular   fragmentation  and  blastomere  exclusion  are  examined   to  ask  whether  

mechanisms  exist  for  overcoming  aneuploidy  in  the  embryo.  If  the  embryo  does  have  the  

ability   to   tolerate   aneuploidy,   then   approaches   for   screening   embryos   based   on   the  

detection  of  aneuploidy  within  a  few  cells  merits  reevaluation.    
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Chapter  2:  Cellular  fragmentation-­mediated  chromosome  elimination  and  aneuploid  

blastomere  exclusion.  

  

  

Abstract  

  

Human   preimplantation   embryos   often   sequester   missegregated   chromosomes   into  

micronuclei   during   mitosis,   while   concurrently   undergoing   cellular   fragmentation.   In  

chapter  two,  to  address  the  hypothesis  that  cellular  fragmentation  represents  a  response  

to   missegregated   chromosomes   that   are   encapsulated   into   micronuclei,   all   cellular  

fragments   from   rhesus   macaque   preimplantation   embryos   underwent   single-­cell  

sequencing.  Time-­lapse  monitoring  and  confocal  microscopy  of  nuclear  structures  were  

also  utilized  concurrently  with  sequencing  approaches  to  identify  cellular  events  that  would  

indicate  a  response  to  aneuploidy  in  the  embryo.  In  ~20%  of  rhesus  macaque  embryos  

examined   by   sequencing,   cellular   fragments   were   found   to   contain   whole   or   partial  

chromosomes.   These   chromosomes   contained   within   cellular   fragments   were   either  

maternal  or  paternal   in  origin.  Not  only  were  micronuclei  observed  in  cellular  fragments  

with   confocal   microscopy   but   detection   of   gamma-­(serine   139   phosphorylated)   H2A  

histone   family,   member   X   (g-­H2A.X)   accumulation   within   these   expelled   micronuclei  

demonstrated  that  extensive  DNA  damage  had  occurred.  In  addition  to  the  chromosomal  

and  ploidy  errors  these  embryos  displayed,  in  some  cases,  cellular  fragments  and  non-­

dividing  blastomeres  were  prevented   from   incorporating  at   the  blastocyst  stage.   In   this  

chapter,   the   findings   presented   suggest   embryos   respond   to   segregation   errors   by  

eliminating   micronuclei   via   cellular   fragmentation   and   select   against   aneuploid  

blastomeres  to  overcome  chromosome  instability.  
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Introduction  

  

Another  determining  factor  for  the  capacity  of  an  IVF  embryo  to  successfully  implant  is  the  

timing   and   degree   of   a   dynamic   process   called   cellular   fragmentation,   whereby  

cytoplasmic  bodies  pinch  off  of  blastomeres  during  cytokinesis  [286,  287].  The  degree  of  

cellular   fragmentation   is   a   morphological   parameter   for   assessing   embryo   quality.  

Although   once   considered   to   be   apoptotic   bodies   [197],   studies   have   determined   that  

cellular   fragments  are  not   the   result   of  blastomere  apoptosis  and  are  distinct   from  cell  

death-­induced  DNA   or   chromosome   fragments   [288,   289].   Cellular   fragmentation   also  

occurs   naturally   following   in   vivo   human   conceptions   [290,   291].   The   appearance   of  

cellular  fragments  in  IVF  embryos  is  highly  associated  with  human  embryonic  aneuploidy  

and  indicative  of  both  meiotic  and  mitotic  progression  [97,  108]  yet  it  is  not  associated  with  

maternal   age   [292].   Clinical   evidence   shows   that   the   degree   of   cellular   fragmentation  

correlates   negatively   with   implantation   potential   [199,   201,   293],   and   yet   fragmented  

embryos  can  still   implant  and  become  healthy  offspring   [287].  The  presence  of  cellular  

fragmentation  has  not  been  shown  to  be  an   indicator  of  developmental  potential   to   the  

blastocyst  stage  [294]  and,  experimentally  induced  cellular  fragments  in  the  mouse  do  not  

appear   to  participate   in   compaction  and  are  expelled  during  blastocyst   hatching   [295].  

Since   heavy   fragmentation   is   strongly   correlated   with   poor   clinical   outcomes,   cellular  

fragments  were  once  advised   to  be   removed   from   the  cleavage  stage  embryo   through  

laser-­assisted  microsurgery   based   on   improved   blastocyst   formation   results   in   mouse  

[296].  However,  improvement  in  human  implantation  was  not  observed  following  fragment  

removal  [297]  and  damage  to  the  embryo  via  lysed  blastomeres  was  difficult  to  avoid  [287]  

and  thus  this  practice  has  since  ceased.  
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Very  little  is  known  as  to  why  and  how  embryos  undergo  cellular  fragmentation.  Cellular  

fragmentation   is  exhibited   in  human  preimplantation  embryos  but   is  observed  relatively  

infrequent  in  mouse  embryos.  Cellular  fragmentation  is  also  not  seen  in  animal  species  

with  much  larger  oocytes  such  as  the  xenopus  frog  or  zebrafish,  and  therefore  is  likely  not  

simply   a   consequence   of   large   cell   size.   Cell   size   reduction   throughout   the   cleavage  

stages  could  potentially  be  a  mechanism  for  cellular  fragmentation  [298],  however  given  

the  correlation  of  poor  embryo  quality  and  aneuploidy  with  degree  of  fragmentation,  this  

does  not  seem  to  be  the  case.  The  sizes  of  cellular  fragments  are  similar  to  polar  bodies.  

Additionally,  the  cellular  fragments  form  during  cytokinesis  [299],  a  cellular  event  shared  

with  polar  body  extrusion.  Furthermore,  cellular  fragments  appear  at  the  zygote  and  earlier  

cleavage  stages,  where  they  most  often  occur  following  the  division  from  one-­cell  to  two-­

cells  [300].    

  

The   underlying   mechanisms   for   cellular   fragmentation   are   understudied.   One   report  

suggests  that  there  may  be  a  paternal  and  maternal  genetic  component  associated  with  

cellular  fragmentation  as  2-­cell  embryos  from  mouse  strain  crosses  lead  to  an  increased  

incidence  of  cellular  fragmentation  [301].  In  another  mouse  study,  spindle  removal  from  

MII  oocytes,  which  made  experimental  oocytes  and  blastomeres   ‘fragmentation  prone’,  

resulted  in  activation  and    cellular  fragmentation  during  cytokinesis.  The  authors  proposed  

that  cellular  fragmentation  is  a  response  to  the  loss  of  signal  between  the  spindle  complex  

and  cortical  microfilaments.  However,   in  this  study  micromanipulation  was  performed  in  

the  presence  of  cytochalasin  B,  an  inhibitor  of  cortical  actin  filament  polymerization,  and/or  

colcemid,  a  microtubule  depolymerizer,  and  therefore  results  related  to  spindle  removal  

alone  are  difficult  to  interpret  [299].  Despite  the  lack  of  evidence  in  the  study  to  support  

this  hypothesis,  the  authors  provide  an  interesting  pathway  to  target  for  further  research  

regarding   the   mechanism   behind   cellular   fragmentation.   Although   cytochalasin   B   and  
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colcemid   prevent   cytokinesis   in   the   oocyte   and   embryo   at   low   concentrations,   high  

concentrations  of  cytochalasin  B  or  colcemid  lead  to  multinucleation  and  nuclear  expulsion  

of  microcells  in  somatic  cells.  This  suggests  that  cortical  microfilaments  at  the  cleavage  

furrow  could  be  associated  with  cellular  fragmentation  [302-­306].    

  

Another  avenue  worth  exploring  for  mechanism  of  cellular  fragmentation  are  the  cellular  

pathways  that  render  asymmetrical  cell  division  for  polar  body  extrusion.  There  are  several  

similarities   between   polar   body   extrusion   and   cellular   fragmentation.   First,   both   polar  

bodies  and  cellular  fragments  are  similar  in  size  and  are  often  mistaken  for  each  other.  

Second,  both  processes  are  involved  with  cytokinesis.  Thirdly,  chromosomes  move  to  the  

cell  cortex  for  elimination  during  meiosis  for  polar  body  extrusion  [307,  308]  and  during  

mitosis   when  micronuclei   are   eliminated   (discussed   below).   It   would   be   interesting   to  

examine   components   required   for   polar   body   asymmetrical   division   at   cellular  

fragmentation  sites  along  the  blastomere  plasma  membrane  during  the  zygote  or  2-­cell  

stage  following  karyokinesis.  Targets  to  examine  would  be  actin  and  myosin  II  for  cortical  

polarity  at  cellular  fragmentation  sites  [307]  and  microfilament  for  chromosome  migration  

and  elimination  [309].    

  

As  stated  above,  extensive  cytoplasmic  fragmentation  in  human  embryos  is  often  seen  in  

association   with   blastomere   micro-­   and   multi-­nucleation,   chromosomal   instability,   and  

copy  number  mosaicism  between  blastomeres  [310-­312].  Along  with  these  abnormalities,  

our   lab   has  previously   demonstrated   that   cellular   fragments   can   contain   chromosomal  

material   that   are   most   likely   missegregated   chromosomes   encapsulated   in   extruded  

micronuclei   [108].   These   micronuclei   observed   in   human   embryos   are   analogous   to  

micronuclei  observed  in  somatic  cells  [207,  216].  In  cultured  cells,  chromosomes  within  

micronuclei   display   an   increased   propensity   to   undergo   double-­stranded   breaks   and  
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structural   rearrangements,  which  may  be  due   to   asynchrony   in  DNA   replication   timing  

between  micronuclei  and  the  primary  nucleus  [207].  Recently,  Zhang  et  al.  [313]  showed  

that   chromothripsis   –   the   shattering,   segmental   loss,   and   rearrangement   of   a   single  

chromosome   –   occurs   in   the   micronucleus.   It   has   been   proposed   that   a   similar  

phenomenon   occurs   in   the   micronuclei   of   human   embryos   [212,   213].   Interestingly,  

cellular  fragments  have  been  shown  to  fuse  back  with  blastomeres  [108,  314].  If  a  cellular  

fragment   containing   a   micronucleus   were   to   refuse   with   a   blastomere   after   having  

undergone   chromothripsis,   this   would   likely   be   a   detrimental   event   for   the   embryo.  

However,  a  recent  report  in  mouse  embryos  suggests  that  embryonic  micronuclei  undergo  

perpetual  unilateral  inheritance  instead  [315].    

  

In   contrast   to   humans,   mouse   cleavage-­stage   embryos   rarely   exhibit   micronuclei   and  

cellular   fragmentation   even   in   sub-­optimal   culture   conditions   [108,   295,   315,   316].  

Moreover,  when  micronuclei   are   induced  experimentally,  mouse  embryos  undergo  cell  

lysis  rather  than  cellular  fragmentation  [317].  Beginning  at  the  morula  (~16-­cell)  stage  of  

preimplantation  development  and  onward,  however,  ~10%  of  mouse  embryos  have  been  

shown  to  contain  one  or  more  micronuclei,  and  a  similar  number  are  observed  between  in  

vivo  and   IVF-­derived  embryos   [315].  This  suggests   that   in  vitro   culture  does  not  affect  

micronuclei  abundance  and  may  explain  why  mouse  embryos  exhibit  a  considerably  lower  

incidence   of   aneuploidy   at   ~1-­4%,   depending   on   the   strain   [18-­20].   Whether   other  

mammalian  species  more  closely  related  to  humans  such  as  non-­human  primates  have  

similar  micronuclei  and  fragmentation  frequencies  has  not  been  investigated  in  detail  and  

directly  addressing  this  question  may  allow  translation  to  human  embryogenesis.    

  

In  addition  to  cellular  fragmentation  and  micronucleation,  human  embryos  are  also  often  

mosaic  for  euploid  and  aneuploid  cells.  Euploid-­aneuploid  mosaicism  in  embryos  from  the  
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cleavage   to   blastocyst   stage   has   been   described   since   the   very   earliest   reports   of  

preimplantation  genetic  screening  [318].  However,  while  clinically  classified  as  aneuploid,  

these  euploid-­aneuploid  mosaic  embryos  can  still   result   in   the  birth  of  healthy  offspring  

upon  transfer  [20,  244,  245].  These  studies  call  into  question  the  accuracy  of  PGS,  and  

more  specifically  trophectoderm  biopsies  for  predicting  which  embryos  will  lead  to  normal  

pregnancy  and  healthy  offspring  [319].  Reports  of  healthy  offspring  from  mosaic  embryos  

indicate   that   corrective  mechanisms   exist   to   overcome   chromosomal   instability   during  

preimplantation  development  either  through  a  selective  growth  advantage  for  euploid  cells  

or  elimination  of  aneuploid  cells.  Unfortunately,  the  literature  is  lacking  studies  related  to  

selection  against  aneuploid  cells  in  embryos.  Studies  in  cultured  cells  have  demonstrated  

that  aneuploid  cells  can  undergo  senescence,  are  targeted  for  clearance  by  the  immune  

system,  and  an  internal  surveillance  molecule  called  cyclic  GMP–AMP  synthase  monitors  

micronuclei   genome   instability   to   trigger   cell-­intrinsic   autoimmunity   [320,   321].   As  

discussed  above  in  chapter  1,  excluded  blastomeres  may  be  a  mechanism  of  correction  

by  eliminating  aneuploid  cells.  Although  blastomere  exclusion  has  been  documented  in  

the  literature  [225],  little  is  known  about  these  types  of  cells.    

  

In   this   chapter,   to   address   the   hypothesis   that   cellular   fragmentation   represents   a  

response  to  missegregated  chromosomes  that  are  encapsulated  into  micronuclei  and  that  

aneuploid  blastomeres  are  eliminated  from  the  embryo,  the  DNA  content  of  each  cellular  

fragment  within  the  embryo  was  examined  by  DNA-­Seq  and  SNP  analysis  for  determining  

chromosome  parentage.  These  cellular   fragments  were  obtained   from   the  42  embryos  

described   in  chapter  1   in  addition   to   the  blastomere  and  polar  body  collected   for  CNV  

assessment.   Additional   embryos   were   cultured   to   the   morula   and   blastocyst   stage   to  

procure  and  examine   large  excluded  blastomeres   that  appeared   to  no   longer  divide  or  

participate   in   embryo   development.   Finally,   growing   embryos   from   the   cleavage   to  
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blastocyst  stage  were  fixed  and  immunostained  for  the  nuclear  envelope  marker,  Lamin  

B1   and   DNA   double   stranded   breaks   to   assess   the   presence   of   micronuclei,   nuclear  

structure,  and  DNA  damage  within  the  nucleus  and  micronuclei.  Results  from  this  study  

determined   that  missegregated  chromosomes  are  encapsulated  within  micronuclei  and  

eliminated   from   the   embryo   through   cellular   fragmentation.   In   addition,   non-­dividing  

blastomeres   are   aneuploid   and   along   with   cellular   fragments,   are   excluded   from  

blastocysts   prior   to   hatching.  Both  of   these   findings   serve  as  potential  mechanisms   to  

surpass  chromosomal  instability  during  primate  preimplantation  development.  
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Methods  

  

  

Rhesus  Macaque  Embryos  

  

See  page  35  in  chapter  1  for  detailed  methods.    

  

  

Time-­Lapse  Imaging  

  

See  page  36  in  chapter  1  for  detailed  methods.    

  

In  addition  to  monitoring  embryos  throughout  the  cleavage  stage  prior  to  disassembly  into  

individual  cells  and  cellular  fragments,  several  embryos  were  cultured  up  to  7  days  to  the  

blastocyst  stage.    

  

  

Embryo  Disassembly  

  

See  page  37  in  chapter  1  for  detailed  methods.    

  

Upon  disassembly,  when  possible,  all  cellular  fragments  were  collected  individually  from  

each  cleavage  stage  embryo.  Since  many   large  excluded  blastomeres  were  contained  

within  the  blastocoel  cavity  of  blastocysts,  instead  they  were  removed  from  the  perivitelline  

space  at  the  compact  morula  stage.    
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DNA  Library  Preparation    

  

See  page  39  in  chapter  1  for  detailed  methods.    

  

The  pooling  scheme  for  each  round  of  sequencing  was  to  target  2  million  reads  per  sample  

based  on  the  sequencing  kit  used.  When  pooling  samples  together  for  DNA  sequencing,  

nuclear  DNA  in  cellular  fragments  was  assumed  to  be  nonexistent  if  the  concentration  was  

less  than  non-­template  controls  (<~3ng/ul).  Only  5ng  of  these  empty  samples  was  added  

to  the  sequencing  pool.  The  rationale  for  providing  less  DNA  for  sequencing  empty  cellular  

fragments  was  to  allow  for  more  sequencing  coverage  for  samples  that  contained  nuclear  

DNA.   Cellular   fragment   samples   with   significant   amounts   of   measureable   DNA  

(>~10ng/ul)  were  added  to  sequencing  pools  at  25ng  in  order  to  detect  the  presence  of  

potential   CCFs.   For   excluded   blastomeres,   50ng   of   the   sample   was   added   to   each  

sequencing  pool.    

  

  

Multiplex  DNA  Sequencing  

  

See  page  40  in  chapter  1  for  detailed  methods.    

  

Using  the  custom  designed  indices  described  Vitak  et  al.  [253],  excluded  blastomeres  and  

cellular  fragments  were  sequenced  on  the  Illumina  NextSeq  again  using  our  custom  75-­

base  pair  single-­end  protocol.  Sequencing  statistics  are  provided  in  Table  3.  
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Copy  Number  Variant  Calling  

  

See  page  42  in  chapter  1  for  detailed  methods.    

  

In   addition   to   employing   the   VNOWC  and  CHI  CNV   pipelines   for   examining   excluded  

blastomeres,  read  count  only  plots  were  generated  for  each  sample,  particularly  to  find  

chromosomes   in   cellular   fragments.   Briefly,   the   mapped   reads   for   each   sample   were  

binned  with  variable-­sized  windows  of  a  constant  number  of  expected  reads  per  window  

(target  was  4,000)  but  no  circular  binary  segmentation  or  hidden  markov  model  was  used  

to  assess  copy  number  changes.    

  

SNP  Parentage  Analysis  

  

See  page  44  in  chapter  1  for  detailed  methods.    

  

All  SNPs  in  CCF  regions  of  interest  were  retained,  whereas  chromosomes  in  blastomeres  

and   polar   bodies   that   had   fewer   than   10   SNPs   were   removed   to   further   increase  

confidence  in  parental  inheritance.  

  

Immunofluorescence  Confocal  Imaging  

  

Embryos  were  placed  in  warmed  acidified  Tyrode's  solution  for  30  seconds  to  remove  the  

zona  pellucida.  Zona  pellucida-­free  embryos  were  washed  briefly  in  PBST,  which  consists  

of  PBS  (Invitrogen,  Carlsbad,  CA)  with  0.1%  BSA  and  0.1%  Tween-­20  (Calbiochem,  San  

Diego,  CA).  The  embryos  were  then  fixed  in  4%  paraformaldehyde  in  PBS  (Alfa  Aesar,  

Ward  Hill,  MA)  for  20  minutes  at  room  temperature.  Once  fixed,  the  embryos  were  washed  



 88 

with  gentle  shaking  three  times  for  a  total  of  15  minutes  in  PBST  to  remove  any  residual  

fixative.  Subsequently,  embryos  were  permeabilized  for  antibody  penetration  in  1%  Triton-­

X  (Calbiochem,  La  Jolla,  CA)  for  one  hour  at  room  temperature  and  then  washed  in  PBST  

as  described  above.  To  block  non-­specific  binding  of   the  secondary  antibody,  embryos  

were   transferred   to  a  7%  donkey  serum  (Jackson   ImmunoResearch  Laboratories,   Inc.,  

West  Grove,  PA)/PBST  solution  overnight  at  4°C  and  then  washed  in  PBST  as  described  

above.  For  the  visualization  of  LAMIN-­B1  (ab16048,  Abcam,  Cambridge,  MA)  and  gH2A.X  

(05-­636,   EMD   Millipore,   Temecula,   CA),   antibodies   were   diluted   1:1000   and   1:100,  

respectively,  in  PBST  with  1%  donkey  serum  and  the  embryos  were  sequentially  stained  

overnight  at  4°C.  Between  each  antibody  incubation,  embryos  were  washed  in  PBST  with  

gentle   shaking   four   times   for   a   total   of   20  minutes   to   ensure   removal   of   non-­specific  

antibody   binding.   Primary   antibodies   were   detected   using   the   appropriate   species  

reactivity  with  488-­  or  647-­conjugated  donkey  Alexa  Fluor  secondary  antibodies  (Thermo  

Fisher   Sci.,   Rockford,   IL)   at   a   1:250   dilution   in   1%   donkey   serum   in   PBST   at   room  

temperature  for  1  hour  in  the  dark.  Embryos  were  then  washed  in  PBST  to  remove  non-­

specific  antibody  binding  as  described  above.  For  nuclear  DNA  detection,  embryos  were  

stained  with  1  µg/ml  DAPI  for  15  minutes  and  then  placed  in  a  30µl  drop  of  Global  media  

with  10%  protein  under  mineral  oil  on  a  glass  bottom  petri  dish  (Mattek,  Ashland,  MA).  

Immunofluorescence  was  visualized  using  a  Leica  SP5  AOBS  spectral  confocal  system.  

Z-­stacks  between  1  and  5  µM  apart  were  sequentially  imaged  one  fluorophore  at  a  time  

to  avoid  spectral  overlap  between  channels.  Stacked  images  and  individual  channels  for  

each  color  were  combined   for   imaging   files  using   the  channel  merger  and  Z-­projection  

functions  in  FIJI  [322].    
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Results  

  

  

Experimental   design   for   capturing   chromosomes   within   cellular   fragments   and  

assessing  the  aneuploidy  state  of  excluded  blastomeres    

  

Single-­cell   DNA-­Seq   and   TLM   was   used   to   non-­invasively   assess   preimplantation  

development  as  described  in  chapter  1.  In  addition  to  the  42  embryos  assessed  for  CNVs,  

92  zygotes  underwent  extended  culture  where  42  arrested  and  50  reached  the  blastocyst  

stage.  Since  excluded  blastomeres  within  the  blastocoel  cavity  were  inaccessible  at  the  

blastocyst   stage,   an   additional   6   embryos  were   cultured   to   the   day   6   compact  morula  

stage  where  excluded  blastomeres  were  recovered  from  the  perivitelline  space  (Figure  

12).   The   cellular   fragments   and   excluded   blastomeres   sequenced  were   from  embryos  

collected  from  14  different  IVF  cycles.  Cellular  fragment  collection  occurred  approximately  

24-­96  hours  after  IVF  when  cleavage-­stage  embryos  were  disassembled  for  blastomere  

and  polar  body  collection.  The  cellular  fragment  and  excluded  blastomere  samples  were  

amplified   by   PCR-­based   whole   genome   amplification   and   sequenced   as   described   in  

chapter  1.  Mapped  reads  for  excluded  blastomeres  were  assessed  by  chromosomal  CNV  

analysis   for   aneuploidy   detection   and   read   count   pile   up   was   used   to   determine   if  

chromosomal   material   was   present   in   cellular   fragments.   Both   cellular   fragments   and  

excluded  blastomeres  were  analyzed  by  SNP  genotyping  to  determine  the  parental  origin  

of  chromosomes.    
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Micronucleation  and  cellular  fragmentation  frequency  is  conserved  between  human  

and  rhesus  macaque    

  

One  of  the  hallmarks  of  imminent  aneuploidy  in  human  embryos  and  other  cell  systems  is  

the   appearance   of   micronuclei   containing   anaphase-­lagging   chromosomes   [108,   323,  

324].   Another   prevalent   feature   of   cell   divisions   of   cleavage   stage   embryos   is   cellular  

fragmentation,  which  our  lab  has  previously  hypothesized  represents  a  response  to  the  

presence  of  missegregated  chromosomes  during  meiosis  and/or  mitosis.  Analogous   to  

human  embryos  [286,  287],  more  than  50%  of  rhesus  macaque  cleavage-­stage  embryos  

exhibit  some  degree  of  cellular  fragmentation.  In  lieu  of  embryo  disassembly  and  single-­

cell  sequencing,  a  subset  of  intact  embryos  between  the  zygote  and  blastocyst  stage  were  

fixed  and  subjected  to  multi-­color  confocal  imaging  to  assess  micronuclei  formation  and  

cellular   fragment  sequestration  of  nuclear  DNA.  Upon  fixation  and   immunolabeling  and  

staining  with  the  nuclear  envelope  marker,  LAMIN-­B1  and  DAPI  for  DNA,  rhesus  macaque  

preimplantation   embryos   were   found   to   contain   lagging   chromosomes   during   mitosis  

(Figure  13A)  and  micronuclei  as  early  as  the  zygote  (Figure  13B)  or  2-­cell  stage  (Figure  

13C).  Micronuclei  formation  was  found  to  often  be  concomitant  with  cellular  fragmentation  

by  the  2-­cell  stage  (Figure  13D).  Notably,  some  of  these  cellular  fragments  encapsulated  

nuclear  DNA  as   indicated  by  positive  DAPI  staining.  While  micronuclei  may  not  appear  

until   the   6-­   to   9-­cell   stage   or   later   in   embryos   that   did   not   yet   undergo   fragmentation  

(Figure  13E),  micronuclei  are  sometimes  present  in  the  ICM  of  blastocysts  (Figure  13F).  

These  findings  demonstrate  that  embryonic  micronucleation  and  cellular  fragmentation  is  

conserved  between  humans  and  rhesus  macaques  and  that  the  emergence  of  micronuclei  

is  tolerated  throughout  primate  preimplantation  development.  
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Cellular   fragments   can   encapsulate   whole   or   partial   chromosomes   lost   from  

blastomeres  

  

Although   reciprocal   losses   and   gains   of   chromosomes   were   occasionally   observed  

between  blastomeres  in  the  42  embryos  described  in  chapter  1,  this  was  not  the  case  for  

the  majority  of  embryos  since  most  corresponding  chromosome  segments  appeared  to  be  

missing   from  a   given   embryo.  Based  on   previous   findings   of   chromosomal  material   in  

cellular   fragments   and   that   fragmentation   is   highly   associated   with   human   embryonic  

aneuploidy  [108],  it  was  reasoned  that  the  missing  chromosome(s)  had  been  sequestered  

into  cellular   fragments.  To   test   this  hypothesis,  single  cellular   fragments  were  obtained  

from  each  of  the  42  TLM  cleavage-­stage  embryo  described  in  chapter  one.  These  single  

cellular   fragments   underwent   the   same   whole   genome   amplification   protocol   as  

blastomeres   and   polar   bodies.   The   VNOWC   and  CHI   CNV   pipelines   are   accurate   for  

calling  copy  number  differences  in  the  context  of  a  whole  genome  but  not  in  the  presence  

of   single   chromosomes.   Therefore,   read   count   only   plots   were   used   to   assess   the  

presence  of  chromosomes  within  cellular   fragments.  A  number  of   fragmented  embryos  

revealed  chromosome-­containing  cellular  fragments  (CCFs),  where  several  of  them  were  

complimentary  to  the  chromosomes  missing  from  blastomeres.    

  

As  shown  in  Figure  14,  both  copies  of  chromosome  9  and  12  lost  from  blastomeres  of  

mosaic  embryo  13  were  located  in  a  cellular  fragment  from  the  same  embryo.  Overall,  the  

presence   of   entire   or   partial   chromosomes   in   one   or   more   cellular   fragments   was  

confirmed   in   ~20%   (N=8/42)   of   embryos   (Figure   15A   &   B).   However,   only   ~7%  

(N=11/160)   of   cellular   fragments   examined   contained   chromosomal   material   (Figure  

15C).  These  embryos  with  CCFs  tended  to  be  completely  aneuploid  however  there  were  

embryos   that   were   mosaic   or   had   euploid   copy   number   profiles   (Figure   15D).   The  
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question  of  whether  CCFs  were  actually  polar  bodies  that  had  undergone  cytokinesis  was  

a   point   of   concern   and   although   the   CCFs   discovered   were   discrete,   individual  

chromosomes  instead  of  degraded  DNA  across  the  genome,  this  question  merited  further  

investigation.   To   address   this,   maternal   versus   paternal   SNPs   were   analyzed   as  

discussed   in   chapter   1.   Parentage   results   determined   that   CCFs   originated   from   the  

chromosomes  of  either   the  mother  or   the   father   (Figure  16).   In  addition,   there  did  not  

appear   to   be   a   preferential   sequestering   of   particular   chromosomes   into   cellular  

fragments,   as   both   small   and   large   chromosomes   were   equally   affected   and   partial  

chromosomes  identified  in  fragments  ranged  in  size  from  6  to  85  megabases  (Figure  17).    

  

  

Chromosome-­containing   cellular   fragments   are   often   found   in   embryos   that  

undergo  multipolar  divisions  and  have  abnormal  ploidy    

  

The  presence  of  chromosomes  within  cellular  fragments  has  been  suggested  but  never  

examined   to   this   extent.   Although   this   is   the   first   study   that   has   sequenced   cellular  

fragments  from  embryos,  discovering  that  the  majority  of  these  embryos  were  aneuploid  

raised  the  question  if  other  errors  may  be  present.  By  assessing  the  overall  ploidy  of  the  

8  embryos  with  CCFs  by  SNP  analysis  (discussed  in  chapter  1)  it  was  also  determined  

that   these   embryos   were   either   gynogenetic   (N=3/8),   androgenetic   (N=1/8),   polyploid  

(N=1/8),  or  mixoploid  containing  a  mixture  of  biparental  and  either  uniparental  or  polyploid  

blastomeres  (N=2/8)  (Figure  18).  Only  one  embryo  from  which  a  CCF  arose  was  entirely  

biparental   (N=1/8)   and   this   embryo   experienced   a  multipolar   division   (Figure   10D-­F).  

Although  more  numbers  are  needed  to  support  this,  these  findings  suggest  that  the  type  

of  chromosomal  abnormality  resulting  in  the  production  of  CCFs  reflect  errors  induced  by  

abnormal  ploidy.  Another  feature  shared  by  the  majority  (N=6/8)  of  embryos  with  CCFs  
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was   multipolar   divisions   at   the   1-­   or   2-­cell   stage   of   preimplantation   development   as  

detected   by   TLM   analysis   (Figure   18).   Defects   in   the   sperm   centrosome   may   have  

contributed  to  the  multipolar  divisions  and/or  ploidy  errors  seen  in  these  embryos.  

  

  

Chromosome-­containing   cellular   fragments   are   susceptible   to   DNA   breaks   and  

damage    

  

Based  on  observations  of  both  whole  and  partial  chromosomes  within  cellular  fragments,  

the   question   was   whether   the   presence   of   chromosomal   segments   was   due   to   DNA  

fragility  once  the  chromosome(s)  was  separated  from  the  primary  nucleus  of  a  blastomere.  

To   examine   this,   fragmented   cleavage-­stage   rhesus   macaque   embryos   were  

immunostained  with  LAMIN-­B1  and  gamma-­H2A.X  (g-­H2A.X),  a  marker  of  DNA  damage  

and   double-­stranded   breaks   [325].   Analogous   to   human   embryos   [108],   nuclear   DNA  

positive  for  DAPI  staining  was  detected  in  cellular  fragments  of  rhesus  embryos  that  also  

contained   several   micronuclei   (Figure   19).   These   cellular   fragments   containing  

micronuclei   appeared   to   lack   or   have   a   disrupted   nuclear   envelope   as   previously  

described  for  chromosome-­containing  micronuclei  in  cultured  cells  [216],  which  may  cause  

susceptibility   to   chromosomal   instability.   When   immunostained   for   g-­H2A.X,   distinct  

puncta   were   detected   in   micronuclei   within   the   blastomere   from   which   they   arose.  

Moreover,   multiple   g-­H2A.X   foci   were   also   identified   in   the   DNA   of   cellular   fragments  

(Figure  20A).  One  cellular  fragment  in  particular  contained  an  intact  nuclear  envelope  and  

uniform  g-­H2A.X  immunostaining  which  is  more  likely  indicative  of  DNA  degradation  rather  

than  double-­stranded  breaks  [326]  (Figure  20B).  By  measuring  the  g-­H2A.X  fluorescence  

intensity  through  single  focal  planes  of  the  embryo,  DNA  damage  was  determined  to  be  
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markedly  increased  in  CCFs  compared  to  the  blastomeric  primary  nuclei  and  micronuclei  

(Figure  20C).  However,  since  these  embryos  were  fixed  at  a  static  time  point,  it  is  unclear  

whether  DNA  degradation  or  double-­stranded  DNA  breaks  occurred  before   the  cellular  

fragmentation  event  or  after  the  micronuclei  were  sequestered  into  a  cellular  fragment.    

  

  

Non-­dividing  aneuploid  blastomeres  and  fragments  are  excluded  during  blastocyst  

formation    

  

Since  ~54%  of  the  rhesus  macaque  embryos  formed  blastocysts  (N=50/92)  in  this  study  

and  yet,  only  ~29%  of  the  cleavage-­stage  embryos  analyzed  by  DNA-­Seq  were  comprised  

entirely  of  euploid  blastomeres,  it  was  reasoned  that  a  proportion  of  the  blastocysts  were  

aneuploid  to  some  extent,  at  least  at  the  cleavage  stage.  Moreover,  recent  reports  have  

found   that   euploid-­aneuploid   mosaic   preimplantation   embryos   can   result   in   healthy  

offspring   [20,   244,   245].   By   performing   TLM   analysis   up   to   the   blastocyst   stage,   five  

embryos  displayed  excluded  fragments  and/or  large  blastomeres  that  ceased  dividing  at  

the  2-­  to  4-­cell  stage  and  persisted  up  to  the  blastocyst  stage.  These  cellular  fragments  

and   non-­dividing   blastomeres   appeared   to   be   confined   to   the   perivitelline   space   or  

blastocoel   cavity   during   the  morula-­to-­blastocyst   transition,   respectively   (Figure   21A).  

Two   of   these   blastocysts   with   excluded   blastomeres   also   underwent   a   1-­   to   4-­cell  

symmetrical   cell   division   without   cellular   fragmentation   at   the   1-­   or   2-­   cell   stage   as  

mentioned   above   (Figure   22).   Upon   immunostaining   a   representative   blastocyst   with  

LAMIN-­B1   and   gH2A.X,   a   large   bi-­nucleated   excluded   blastomere   was   observed   with  

extensive  DNA  damage  as   indicated  by   intense  gH2A.X  accumulation  predominantly   in  

the  nuclei  (Figure  21B).  Numerous  DAPI-­positive  nuclei  were  also  detected  in  the  zona  
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pellucida  of  the  embryo  that  exhibited  cellular  fragment  exclusion  following  hatching  and  

DNA   staining   (Figure   21C).  While   these   fragments   could   easily   be   collected   from   the  

empty  zona  pellucida,  it  was  difficult  to  separate  the  excluded  blastomeres  from  the  rest  

of  the  embryo  once  the  blastocoel  cavity  was  formed.  Therefore,  three  additional  embryos  

were  identified  with  blastomere  exclusion  at  the  early  cleavage-­stage  by  TLM  and  were  

disassembled  prior  to  or  during  morula  compaction.  Once  isolated,  single-­cell  DNA-­Seq  

was   performed   on   the   excluded   blastomeres   and   these   cells   were   determined   to   be  

aneuploid  or  highly  chaotic  with  multiple  losses  and  gains  of  chromosomes  (Figure  21D).  

Because  the  TLM  analysis  demonstrated  that  these  blastomeres  never  divided  again,  both  

blastomere  and  fragment  exclusion  might  be  mechanisms  by  which  an  embryo  can  select  

against  aneuploid  cells  early  on  and  overcome  chromosomal  instability.  
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Discussion  

  

Besides  aneuploidy,  this  study  also  shows  that  rhesus  macaque  cleavage-­stage  embryos  

exhibit   micronuclei   formation   and   cellular   fragmentation   at   an   equivalent   frequency   to  

human  embryos  [77,  108,  282,  286,  287],  events  that  rarely  occur  in  the  mouse  [108,  295,  

315,   316].   Cellular   fragmentation   is   often   associated  with   aneuploidy   and   our   lab   has  

previously   demonstrated   with   immunofluorescence   that   cellular   fragments   can   contain  

chromosomal  material  [108].  By  reconstructing  the  chromosomal  content  of  each  cell  and  

cellular  fragment  within  an  embryo,  this  study  is  the  first  to  determine  that  both  whole  and  

partial  chromosomes  lost  from  blastomeres  are  sequestered  into  cellular  fragments.  This  

ejected  DNA  is  the  result  of  missegregated  chromosomes  that  were  encapsulated  within  

micronuclei  and  eliminated  from  the  embryo  through  cellular  fragmentation  (Figure  23B).  

The  finding  of  a  shared  nuclear  envelope  between  a  blastomere  and  fragment  in  Figure  

20B   could   indicate   that   defects   affecting   nuclear   integrity   might   represent   one   of   the  

mechanisms   by   which   micronuclei   are   sequestered   into   fragments.   As   shown   with  

immunostaining,  these  chromosomes  undergo  DNA  damage  within  the  micronucleus  via  

double-­stranded   breaks.   However,   it   is   unknown   if   DNA   damage   occurs   in   the  

micronucleus  prior   to  or  after  cellular   fragmentation.   It   is  also  unknown  if  DNA-­damage  

accumulation  within   the  micronucleus   plays   a   role   in   the   fate   of  micronucleus  ejection  

through  cellular  fragmentation.  Findings  of  increased  gH2A.X  signal  in  CCFs  as  opposed  

to   DNA   damage   within   the   primary   nucleus   and  micronuclei   within   blastomeres   could  

indicate   that   chromosomes   experiencing   instability   are   targeted   for   elimination.   In   this  

chapter,   it   was   also   demonstrated   that   cellular   fragments   and   non-­dividing,   aneuploid  

blastomeres  with  extensive  DNA-­damage  are  excluded  from  blastocysts  prior  to  hatching.  

The  data  presented  here  hint  that  extensively  damaged  DNA  within  micronuclei  and  the  

primary  nucleus  leads  to  CCFs  and  excluded  blastomeres,  respectively.  However,  in  order  
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to  support   this  hypothesis,   live-­cell   time-­lapse   imaging   that  can   track  nuclear  envelope  

dynamics  and  DNA  damage  with  high  precision  is  required.  

  

Once   separated   from   the   primary   nucleus,   chromosomes   within   a   micronucleus   can  

undergo   DNA   damage   and   double-­stranded   breaks   in   cultured   cells   [207,   216].   More  

recent  studies  demonstrated  that  a  process  called  chromothripsis,  whereby  chromosomes  

are  “shattered”  and  rearranged  in  a  single  catastrophic  event,  also  arises  as  a  result  of  

the  DNA  damage  in  micronuclei  [313].  The  occurrence  of  chromothripsis  in  embryos  has  

been  suggested  [212,  213],  but  not  yet  confirmed  due  to  the  sequencing  depth,  genome  

coverage,  and  large  read  length  size  demands  required  to  detect  complex  chromosomal  

rearrangements.   Nevertheless,   the   segmental   deletions   produced   from   chromothripsis  

would   likely  be   lethal   for  an  embryo  despite  some  reports  of  postulated  chromothriptic-­

induced  germline  structural   rearrangements  causing  severe  congenital  abnormalities   in  

offspring  [215].  Chromothripsis  may  have  occurred   in  certain  blastomeres   if  one  or   two  

chromosomes   experienced   segmental   deletions   following   extensive   double   stranded  

breaks.  For  example,  the  CCF  from  embryo  21  shows  that  most  of  chromosome  3  was  

lost   but   two   non-­flanking   segments   were   retained.   This   might   be   an   example   of  

chromothripsis   but   further   approaches   are   needed   to   detect   complex   chromosomal  

rearrangements.  Rearrangements  are  much  more  difficult  to  assess  since  the  PCR-­based  

whole  genome  amplification  used  in  this  study  is   limited  for  accurately  calling  structural  

variants.  For  this  purpose,  non-­PCR-­based  multiple  displacement  amplification  should  be  

used  to  generate  larger  amplicons,  but  this  technique  has  been  shown  to  be  inadequate  

for  reliable  CNV  calling  [50].  Assessing  chromothripsis  in  CCFs  and  excluded  blastomeres  

via   high   coverage   paired-­end   sequencing   to   detect   discordant   read-­pairs   and   splitting  

reads  would  indicate  the  presence  of  chromosomal  rearrangements.  However,  artifacts  of  

chimeric  DNA  from  single-­cell  whole  genome  amplification  generates  many  false  positives  
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that   are   difficult   to   distinguish   from   real   rearrangements.   Thus,   the   development   of  

additional  bioinformatics  approaches   that   can  control   for   chimeric   reads  would  also  be  

required  to  evaluate  chromothriptic  events  and  should  be  explored  in  future  studies.    

  

Whether  chromosome  sequestration  by  cellular  fragments  and  blastomere  exclusion  are  

attempts   at   embryonic   rescue   is   difficult   to   ascertain,   but   there   appeared   to   be   an  

association   between   these   two   events   and   the   prevalence   of   multipolar   divisions   and  

ploidy  errors  in  this  study.  Using  TLM  to  monitor  human  preimplantation  development,  it  

was  shown  that  ~12%  of  human  zygotes  undergo  multipolar  divisions  [282]  and  were  less  

likely  to  form  blastocysts  and  implant  than  zygotes  that  exhibit  a  bipolar  1st  mitotic  division  

[77].  Indeed,  almost  all  of  the  rhesus  macaque  embryos  with  multipolar  divisions  arrested  

prior  to  reaching  the  blastocyst  stage.  Yet,  two  embryos  did  progress  in  development  that  

underwent  a  1-­  to  4-­cell  symmetrical  cell  division  without  cellular  fragmentation  at  the  1-­  

or  2-­  cell  stage.  These  two  embryos  also  exhibited  exclusion  of  aneuploid  blastomeres  

during  the  morula-­to-­blastocyst  transition  to  suggest  that  multipolar  divisions  might  provide  

a  mechanism  to  overcome  aneuploidy  under  certain  circumstances  (Fig.  23C).  

  

Recently,   it   was   shown   that   blastocysts   with   euploid-­aneuploid   mosaicism   can   still  

produce  healthy  offspring  in  both  humans  and  mice  and  that  mouse  embryos  without  a  

sufficient   number   of   normal   blastomeres   at   the   8-­cell   stage   are   selectively   eliminated  

during  early  post-­implantation  development  [20,  244].  While  it  is  not  possible  to  perform  

whole-­embryo   CNV   analysis   on   all   blastomeres   and   CCFs   from   embryos   that   will   be  

transferred,  it  is  speculated  that  the  euploid-­aneuploid  mosaic  rhesus  macaque  embryos  

containing  blastomeres  with  biparental  origins  would  have  likely  implanted  and  continued  

in  development.  Given   that  embryonic  micronuclei  were  detected   in   the   ICM  of  certain  

blastocysts,  however,  the  fate  of  mosaic  embryos  may  also  depend  on  which  lineage  the  
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aneuploid   blastomeres   are   allocated   to   and  whether   there   is   lineage-­specific   selection  

against  abnormal  cells  as  shown  for  chemically-­induced  mouse  embryos  [20].  Based  on  

data  presented   in   this  study,  mosaic  embryos  may  be  able   to  overcome  aneuploidy  by  

eliminating  aneuploid  blastomeres  and/or  by  eliminating  highly  damaged  micronucleated  

chromosomes   through   cellular   fragmentation.   Altogether,   this   study   demonstrates   the  

complexity   of   how   aneuploidy  may   be   resolved   through   these  mechanisms   in   primate  

embryos  during  preimplantation  development.  Future  work   is  necessary   to  determine   if  

the  cellular  events  captured  here  are   random  and  unique   to   the  embryos  described  or  

represent  a  deliberate  attempt  at  eliminating  aberrant  chromosomes  and  blastomeres.  
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Table   3.  Sequencing   statistics   for   chromosomes  within   cellular   fragments   (CCFs)   and  

excluded  blastomeres  (ExB).  
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Figure  12.  Approach  for  finding  chromosomes  in  cellular  fragments  and  assessing  large  

excluded  blastomeres.  

As   described   in   figure   3,   MII   oocytes   underwent   conventional   IVF   and   zygotes   were  

monitored   by   time-­lapse   imaging.   Cleavage-­stage   embryos   were   disassembled   into  

individual   cellular   fragments   and   excluded   blastomeres   were   recovered   from   compact  

morulas.   Single   cellular   fragments   and   excluded   blastomeres   underwent   PCR-­based  

whole   genome   amplification   (WGA)   and   mapped   reads   were   analyzed   by   DNA-­

Sequencing   for   read  count  pile  up,  copy  number  variation  (CNV)  and  single  nucleotide  

polymorphism  (SNP)  assessment.  A  subset  of  fragmented  cleavage  stage  embryos  and  

a  blastocyst  with  an  excluded  blastomere  were   immunostained   for   to  examine  nuclear  

structures.  
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Figure  13.  Micronuclei  in  rhesus  macaque  embryos.  

Micronuclei   were   examined   in   rhesus   macaque   embryos   at   different   stages   of  

preimplantation  development  using  the  nuclear  envelope  marker,  LAMIN-­B1  (green),  and  

DAPI  (blue)  for  nuclear  DNA.  Images  are  representative  of  select  stacks.  Insets  show  a  

brightfield   image   for   reference.   Scale   bars:   25   µm.   (A)   5-­cell   embryo   with   a   lagging  

chromosome  (yellow  arrowhead)  in  metaphase  in  one  blastomere  and  micronuclei  in  two  

other  blastomeres  (white  arrows).  (B)  Zygote  undergoing  syngamy  with  two  micronuclei  

(white   arrows).   (C)   2-­cell   embryo   with   one   micronucleus   in   each   blastomere.   (D)  

Comparison  of  a  fragmented  (white  arrowheads)  2-­cell  embryo  with  multiple  micronuclei  

(right)  and  a  non-­fragmented  7-­cell  embryo  (left).  (E)  Single  imaging  plane  of  a  Z-­stacked  

9-­cell   embryo   exhibiting   micronuclei   in   two   blastomeres,   but   no   visible   cellular  

fragmentation.  (F)  Blastocyst  with  at  least  two  micronuclei  in  the  ICM;;  the  inset  shows  the  

maximum  intensity  projection  of  the  embryo.    
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Figure  14.  Chromosomes  are  eliminated  via  cellular  fragmentation.    

For   mosaic   embryo   13,   CNV   plots   show   a   mix   of   euploid   (left)   and   aneuploid   (right)  

blastomeres  where  chromosome  9  and  12  are  completely  missing  from  blastomeres  B1  

and   B5   along  with   losses   in   chromosome   19.   A   read   count   only   plot   reveals   that   the  

missing   chromosomes  9  and  12  were  detected   in   cellular   fragment   9   (bottom   right)   of  

embryo  13.  The  asterisk  (*)  demarcates  false  positive  CNVs  detected  only  by  the  VNOWC  

pipeline,  but  categorized  as  euploid  after  cross  examination  with  the  CHI  method.  
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Figure  15.  The  presence  of  chromosome-­containing  cellular  fragments  (CCFs)  are  mostly  

from  aneuploid  embryos.    

(A)   Read   count   plots   show   individual,   multiple,   and/or   partial   chromosomes   found   in  

cellular   fragments   from   different   rhesus   macaque   embryos.   (B)   The   percentage   of  

embryos  with  CCFs  (N=42  total  embryos)  and  (C)  the  number  of  cellular  fragments  from  

all   embryos   (N=149)   that   contained   chromosomal   material.   (D)   The   percentage   of  

embryos  with  CCFs  (N=8  embryos)  that  were  chaotic  (blue),  aneuploid  (turquoise),  mosaic  

(magenta),  and  euploid  (green).  
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Figure   16.   Chromosome-­containing   cellular   fragments   (CCFs)   are   either   maternal   or  

paternal  in  origin.    

Heat  map  of  maternal  versus  paternal  SNP  genotyping  ratios  showing  that  CCFs  originate  

from  either   the  mother  or   the   father.  White  asterisk   (*)  demarcates  significant  p-­values  

(p<1.06X10-­5)  for  cumulative  binomial  test  with  Bonferroni  correction.  
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Figure  17.  Whole  and  partial  chromosomes   found   in  cellular   fragments   (CCFs)  vary   in  

size.    
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Rhesus   macaque   ideograms   representing   the   whole   chromosomes   (bottom)   and  

chromosomal   regions   (top;;   highlighted)   with   approximate   sizes   identified   in   cellular  

fragments.  
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Figure  18.  Embryos  with  chromosomes   found   in  cellular   fragments   (CCFs)  often  have  

abnormal  ploidy  and  early  multipolar  divisions.    

Heat  map  of  maternal  versus  paternal  SNP  genotyping  ratios  for  embryos  with  CCFs.    
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Figure   19.   DNA   and   micronuclei   within   cellular   fragments   detected   in   embryos   by  

immunostaining.    

Eight-­cell   (top)   and   7-­cell   (bottom)   embryo   with   DNA   and/or   visible  micronuclei   within  

cellular  fragments  (white  arrowheads).  Note  the  similar  in  size  of  DNA  signal  in  top  embryo  

to  the  micronuclei   in  adjacent  blastomere  (yellow  arrows).  LAMIN-­B1  (green)  and  DAPI  

(blue).  Brightfield  image  (right  panel)  provided  for  reference.  Only  select  stacks  are  shown.  

Scale  bar:  25  µm.    
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Figure   20.  Micronuclei   containing   damaged   chromosomes   are   eliminated   via   cellular  

fragmentation.    

(A-­B)   2-­cell   embryos   with   extensive   cellular   fragmentation   and   micronuclei   also  

immunostained  for  the  double-­stranded  DNA  break  marker,  gH2A.X  (red).  (B)  Note,  the  

upper  CCF1  has  uniform   gH2A.X  as  opposed   to   foci   seen   in   lower  CCF2.  Only   select  

stacks  are   shown.  LAMIN-­B1   (green)  and  DAPI   (blue).  Scale  bar:   25µm.   (C)  Gamma-­

H2A.X  fluorescence  intensity  measurements  of  nuclei  (N  or  PN),  micronuclei  (MN),  and  

chromosomes  within  cellular  fragments  (CCFs)  for  embryos  to  the  left.    
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Figure  21.  Cellular  fragments  and  aneuploid  blastomeres  are  excluded  upon  blastocyst  

formation.    

(A)   Darkfield   time-­lapse   image   frames   from   4   rhesus   macaque   blastocysts   exhibiting  

exclusion  of  either  1-­2  non-­dividing  blastomeres  confined  to  the  blastocoel  cavity  (white  

arrowheads)  or  several  cellular  fragments  into  the  perivitelline  space  of  an  embryo  (white  

arrow).   (B)  One  of   the  blastocysts  with  blastomere  exclusion  was   immunostained  with  

LAMIN-­B1   (green)   and   gH2A.X   (red)   using   DAPI   (blue)   for   nuclear   DNA.   The   large  

excluded   blastomere   appeared   binucleated   with   strong   gH2A.X   signals   (top;;   white  
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arrowhead),  indicating  that  double-­stranded  DNA  breaks  had  occurred.  Brightfield  image  

(below)  provided  for  reference.  (C)  The  zona  pellucida  from  a  blastocyst  exhibiting  cellular  

fragment   exclusion   left   behind  DNA  material   positive   for   DAPI   staining   upon   hatching  

(white  arrows).  (D)  Additional  examples  of  large  excluded  blastomeres  (white  arrowheads  

in   stereomicroscope   images;;   right)   collected   during   the   morula-­to-­blastocyst   transition  

were  sequenced  and  the  CNV  plots  (left)  determined  that  each  blastomere  was  aneuploid  

with  numerous  chromosome  losses  and  gains.  Scale  bars:  25µm.  
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Figure  22.  Tetrapolar  division  at  the  2-­cell  stage  and  blastomere  exclusion.  

Schematic   illustration   and   darkfield   images   of   a   rhesus   macaque   (A)   2-­cell   embryo  

undergoes  a  symmetrical  tetrapolar  second  cytokinesis  lasting  approximately  40  minutes.  

The  cell  on  the  left  never  divides  during  this  time.  Numbers  in  bottom  right  corner  of  images  

represent  the  duration  in  minutes  from  the  first,  far-­left  image  (t=0).  (B)  This  embryo  later  

had  excluded  blastomeres  at  the  blastocyst  stage.  Rhesus  macaque  embryo  imaged  with  

the  Auxogyn  Eeva™  2.2.1  darkfield  time-­lapse  monitoring  system.    
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Figure  23.  Cellular  fragments  and  aneuploid  blastomeres  are  excluded  upon  blastocyst  

formation.    

(A-­C)   Simplified   models   depicting   the   effects   of   cellular   fragmentation,   blastomere  

exclusion,   and   multipolar   divisions   on   early   embryogenesis.   (A)   Normal   embryo  

development,  whereby  a  euploid  zygote  undergoes  proper  chromosome  segregation  with  

cell  divisions  devoid  of  cellular  fragmentation  and  blastomere  exclusion  (purple  lines).  (B)  

Early   embryogenesis   of   a   euploid   zygote   that   contains   a   lagging   chromosome   from  

merotelic  attachments  during  the  1st  mitotic  division.  The  lagging  chromosome  becomes  

encapsulated  in  a  micronucleus,  where  it  undergoes  DNA  damage  in  the  form  of  double-­

stranded   breaks.   Through   the   process   of   cellular   fragmentation,   the   damaged  

chromosome   is   eliminated   from   the   embryo   and   thus,   the   embryo   is   now   mosaic,  

containing  euploid  and  aneuploid  blastomeres  (red  lines).  (C)  Abnormal  cellular  events,  

including  a  tripolar  cleavage  that  occurs  at  the  zygote  stage,  may  also  generate  a  mosaic  
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embryo  (blue  line).  However,  this  is  more  likely  to  result  in  embryo  arrest  (thick  blue  line).  

(B-­C)  If  the  euploid-­aneuploid  mosaic  embryo  is  able  to  progress  in  development  to  the  

blastocyst   stage,   the   chromosome   contained  within   a   cellular   fragment   (CCF)  may   be  

sequestered   to   the   perivitelline   space.   Severely   aneuploid   blastomeres   fail   to   divide,  

undergo  DNA  damage,  and  become  excluded  from  the  embryo  to  the  blastocoel  cavity.  

Alternatively,  aneuploid  blastomeres  may  continue  to  divide  until  EGA  or  beyond,  but  the  

embryo   will   eventually   arrest   when   aneuploidy   is   no   longer   tolerated   and/or   a   critical  

number  of  euploid  blastomeres  is  not  achieved.  
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Preface:  Chapter  3  

  

Throughout  chapters  1  and  2,  comprehensive  chromosomal  screening  of  blastomeres  and  

cellular   fragments   in   cleavage   stage  embryos  has  demonstrated   that   rhesus  macaque  

embryos   are   just   as   fraught   with   copy   number   and   ploidy   errors   as   human   embryos.  

Although  these  studies  provide  insight  into  the  complexity  of  chromosomal  errors  at  this  

stage,  this  approach  is  not  transferable  to  the  clinical  because  embryos  are  destroyed  in  

the  process.  However,   the  strength  of   these  studies  come   from   the  associations  made  

between  embryo  morphokinetics  observed  through  TLM  and  CNV  and  ploidy  outcomes  

determined  with  single-­cell  next  generation  sequencing.  Not  only  does  TLM  technology  

have   utility   for   improving   culture   environment   during   morphological   assessment,   but  

detection  of  abnormal  nuclear  structures  and  review  of  cell  division  parameters  may  assist  

in  selecting  embryos  that  are  best  for  transfer.  In  this  chapter,  rhesus  macaque  embryos  

are   assessed   for   nuclear   morphologies   and   cell   division   parameters   as   previously  

described  for  human  embryos  to  determine  blastocyst  development  potential.    
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Chapter  3:  Time-­lapse  imaging  for  rhesus  macaque  embryo  quality  assessment  

  

  

Abstract  

  

The  use  of  time-­lapse  microscopic  imaging  has  proven  to  be  a  powerful  tool  for  the  study  

of  mitotic  divisions  and  other  cellular  processes  across  diverse  species  and  cell   types.  

Although   time-­lapse  monitoring   (TLM)  of  human  preimplantation  development  was   first  

introduced  to  the  IVF  community  several  decades  ago,  it  was  not  until  relatively  recently  

that  TLM  systems  were  commercialized   for  clinical  embryology  purposes.  Traditionally,  

IVF   embryos   are   evaluated   by   successful   progression   and   morphology   on   a  

stereomicroscope  at   distinct   time  points   prior   to   selection   for   transfer.  Due   to   the  high  

frequency   of   aneuploidy,   embryos   are   often   biopsied   for   trophectoderm   cells   at   the  

blastocyst   stage   for   preimplantation   genetic   screening   of   whole   or   segmental  

chromosomal   abnormalities.   However,   embryo   biopsy   is   invasive   and   can   hinder  

subsequent  development  and  there  are  additional  concerns  over  chromosomal  mosaicism  

and   potential   resolution   with   PGS.   Moreover,   embryos   are   typically   outside   of   the  

incubator   in   sub-­optimal   culture   conditions   for   extended   periods   of   time   during   these  

procedures.  With  TLM  systems,  embryos   remain   in   the  stable  microenvironment  of   an  

incubator   and   are   simultaneously   imaged   for   non-­invasive   embryo   evaluation   using   a  

fraction  of   the   light  exposure  as  compared   to  a  stereomicroscope.  Each   image   is   then  

compiled   into   a   time-­lapse   movie,   the   information   from   which   can   be   extrapolated   to  

correlate  morphological,  spatial,  and  temporal  parameters  with  embryo  quality  and  ploidy  

status.   However,   the   promise   of   TLM   technology   has   not   reached   fruition   like  

preimplantation   screening   has   and   this   is   largely   due   to   insufficient   evidence   from  

randomized  controlled  trials  that  TLM  is  superior  to  conventional  methods  and  the  initial  
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cost   of   investment   for   clinically   approved   systems.   Considering   the   promise   of   TLM  

technology   but   the   lack   of   IVF   improvements   using   this   approach,   more   studies   are  

needed   to   identify   additional   morphokinetic   parameters   that   are   predictive   of   embryo  

potential.   An   alternative   animal   model   may   be   useful   to   develop   this   technology   for  

detecting  high  quality  embryos  and  potentially  the  presence  of  aneuploidy.  In  light  of  the  

compelling   similarities   between   rhesus   macaque   and   human   embryos   for   aneuploidy  

including   degree   of   cellular   fragmentation,   multipolar   divisions,   mosaicism,   and  

multinucleation,   we   hypothesize   that   the   rhesus   macaque   embryo   will   have   similar  

morphokinetic  parameters  to  human  embryos  and  that  embryo  quality  can  be  predicted  

by  measuring  the  timing  intervals  for  the  first  three  cell  divisions.  In  this  chapter,  TLM  was  

used   to   assess   embryo   quality   by   measuring   cell   division   timing   interval   in   rhesus  

macaque   embryos   as   well   as   documenting   certain   morphological   features   often  

associated  with  aneuploidy  outcomes.  The   first   three  cell   divisions  of   rhesus  macaque  

embryos   were   predictive   of   blastocyst   formation   with   86%   accuracy,   sensitivity,   and  

specificity  and  were  significantly  more  similar  to  human  than  mouse  for  embryos  that  reach  

the  blastocyst  stage.  Although  the  sample  size  of  euploid  embryos  was  not  large  enough  

to  determine  if  the  timing  intervals  of  the  first  three  mitotic  divisions  are  predictive  of  copy  

number   status,   the   continuous   monitoring   of   embryos   throughout   development   in   a  

controlled   environment   aided   in   identifying   events   such   as   multipolar   divisions   and  

micronuclei  formation  which  often  resulted  in  embryo  arrest.  
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Introduction  

  

As  discussed  extensively   throughout   this   dissertation,   human  preimplantation  embryos  

endure  a  high  incidence  of  aneuploidy  following  IVF.  Recent  reports  have  also  indicated  

that  a  high  percentage  of  human  blastocysts  capable  of  implanting  upon  uterine  transfer  

are   also   aneuploid   to   some   degree   [30,   244,   319].   As   a   consequence,   embryos   that  

exceed  the  threshold  for  aneuploidy  tolerance  will  either  arrest  prior  to  implantation  or  later  

result   in   spontaneous  miscarriage   if   allowed   to   proceed   in   development.   There   are   a  

multitude  of  ways  by  which  aneuploidy  can  arise  as  a  cell  is  undergoing  mitosis,  including  

defective  microtubule  attachment  to  the  kinetochore  region  of  the  centromere,  abnormal  

centrosome  number,  compromised  spindle  assembly  checkpoints,  and  premature  loss  or  

prolonged  persistence  of  chromosome  cohesion  [327].  Regardless  of  the  mechanism(s),  

these   defects   will   result   in   mitotic   non-­disjunction,   chromosomal   breakage,   and/or  

chromosome  lagging  during  anaphase  if  not  resolved.  All  of  these  phenomena  have  also  

been   identified   in  human   IVF  embryos  and  contribute   to   the  high  degree  of  mosaicism  

observed  amongst  cells  during  preimplantation  development  [109,  328].    

  

Under   current   clinical   IVF   practice,   human   preimplantation   embryos   are   traditionally  

scored  for  quality  at  the  1-­cell  stage  and  then  again  on  day  2  and/or  day  3  between  48  

and  72  hours  after  fertilization  at  the  4-­  to  8-­cell  stage.  Morphological  features,  including  

cell  number,  degree  of  cellular  fragmentation,  presence  of  multinuclei,  and  blastomeres  

symmetry   in  size  are   typically  used   to  evaluate  embryo  developmental  potential  at   the  

cleavage-­stage   [329,   330].   Although   these   snapshots   in   time   greatly   assist   in   the  

identification   of   the   embryos   that   are   likely   to   arrest,   subtle   and   yet,   informative  

developmental  features  might  be  missed  from  the  several  hours  in  between  designated  

embryo  assessments.  To  address  some  of   the  chromosomal  aspects   that  conventional  
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embryo  scoring  may  fail  to  detect,  embryos  are  often  biopsied  for  preimplantation  genetic  

screening.  However,  embryo  biopsy  and  additional  screening  measures  require  removal  

of  the  embryos  from  the  physiological  conditions  that  an  incubator  provides  and  increased  

exposure  to  light  used  to  visualize  embryos  on  a  stereomicroscope.  In  addition,  the  biopsy  

of   embryos   is   considered   invasive   and   there   is   some  evidence   to   suggest   that   it  may  

hinder  subsequent  preimplantation  development  [331].  

  

Considering  the  limitations  of  evaluating  human  embryos  based  on  static  time  points  and  

the   risks   associated   with   embryo   biopsy   for   PGS,   non-­invasive   time-­lapse   imaging  

techniques   aid   in   the   identification   and/or   selection   of   human   embryos   that   are  

chromosomally  normal  [30,  92,  94,  95,  108,  332]  and  similarly  benefits  prognosis  for  other  

mammalian   species   [333-­336].  With   TLM,   additional   and   non-­subjective   data   are   also  

made  available  to  assist  in  the  selection  of  the  best  embryo  [337].  Besides  timing  between  

cleavage  divisions,  other  mitotic  events  discussed  in  previous  chapters  such  as  multipolar  

divisions,  cellular  fragmentation  dynamics,  and  micronucleation,  may  also  indicate  embryo  

quality  and/or  the  presence  of  aneuploidy.  Under  certain  circumstances,  some  of  these  

same  or  additional  imaging  behaviors,  including  exclusion  of  cellular  fragments  and  non-­

dividing   blastomeres,   might   instead   signal   the   capacity   of   an   embryo   to   overcome  

chromosomal  instability.    

  

Previous  findings  in  our  lab  determined  that  the  majority  of  aneuploid  human  embryos  can  

be  non-­invasively  distinguished   from  chromosomally  normal  embryos  by  assessing   the  

time  intervals  of  the  first  three  mitotic  divisions  in  conjunction  with  cellular  fragmentation  

[108].  Based  on  these  results,  we  hypothesize  that  the  correlation  between  early  mitotic  

division   timing   is  predictive  of   chromosomal   status  as  well   as  embryonic  arrest   versus  

blastocyst   development   in   rhesus   macaque   embryos.   We   hypothesize   that   rhesus  
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macaque  embryos  have  similar  cell  division  parameters  compared  to  previous  reports  in  

human  embryos.   In   this   chapter,   cell   division  parameters  and  additional  morphological  

features   such   as  micronucleation   and  multipolar   divisions  were   evaluated   to   ascertain  

whether  implementing  TLM  can  enhance  embryo  assessment.  



 122 

Methods  

  

  

Rhesus  Macaque  Embryos  

  

See  page  35  in  chapter  1  for  detailed  methods.    

  

  

Time-­Lapse  Imaging  

  

See  page  36  in  chapter  1  for  detailed  methods.    

  

In  addition  to  monitoring  embryos  throughout  the  cleavage  stage  prior  to  disassembly  into  

individual  cells  and  cellular  fragments,  several  embryos  were  cultured  up  to  7  days  to  the  

blastocyst   stage.  Each   image  was   time   stamped  with   a   frame  number   and   all   images  

compiled  into  an  AVI  movie  using  FIJI  software  version  2.0.0  (NIH,  Bethesda,  MD).  The  

time   intervals  between   the  appearance  of   the  1st   cleavage   furrow   to   the  end  of   the  1st  

cytokinesis,  the  beginning  of  the  2nd  mitotic  division,  and  the  start  of  the  3rd  mitotic  division  

were  manually   recorded  by   three  separate   individuals  and  represented  as  an  average.  

The   duration   of   1st   cytokinesis   was   measured   as   (𝑡2 − 𝑡1)   *   ((frame   interval   in  

minutes)/60),  the  time  between  2-­  to  3-­cell  was  measured  as  (𝑡3 − 𝑡2)  *  ((frame  interval  in  

minutes)/60),   and   the   time   between   3-­   to   4-­cell   was  measured   as   (𝑡4 − 𝑡3)   *   ((frame  

interval   in   minutes)/60)   (Figure   24).   Additionally,   other   features   such   as   cellular  

fragmentation,  asymmetrical/multipolar  division,  cellular   fragment/blastomere  exclusion,  

and  nuclear  defects  were  also  examined  and  recorded  for  each  embryo.  For  multipolar  

divisions,  the  time  intervals  were  zero  and  reflected  3-­4  simultaneous  cleavage  furrows.  
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The   timing   of   the   first   three  mitotic   divisions   in   each   embryo  was   plotted   in   2-­   and   3-­

dimensional   parameter   plots   using   R   Studio   (R   Foundation   for   Statistical   Computing,  

Vienna,  Austria)  and  Matlab  R2016a  (Mathworks,  Natick,  MA).  Statistical  tests  included  

Mann-­Whitney  test  for  differences  in  medians  and  Levene’s  test  for  differences  in  variance  

per  parameter  between  embryo  groups.  Principal  component  analysis,  pruned  decision  

tree,  K-­means  clustering,  and  unsupervised  hierarchical  clustering  were  performed  using  

R  Studio.    

  

  

Mouse  Embryos  

  

Reproductively  mature  (3-­5  week)  C57BL6  ×  DBA/2  (B6D2F1)  female  F1  mice  were  given  

intraperitoneal   injections   of   10   IU   of   Pregnant   Mare’s   Serum   Gonadotropin   (PMSG)  

(Sigma-­Aldrich,   St.   Louis,   MO)   followed   by   10   IU   of   human   Chorionic   Gonadotropin  

(Sigma-­Aldrich,  St.  Louis,  MO)  48  hours  later  as  previously  described  [317].  Female  mice  

were  paired  with  wild-­type  B6D2F1  male  mice  and  allowed  to  mate  overnight.  Following  

successful  mating,  the  females  were  sacrificed  ~18  hours  later  and  their  oviducts  removed  

to  obtain  cumulus-­oocyte  complexes.  Cumulus  cells  were  removed  and  zygotes  with  two  

pronuclei  placed  in  a  custom  25-­well  polystyrene  petri  dishes  (Auxogyn,  Inc.,  Menlo  Park,  

CA)  containing  100  μL  of  Quinn’s  Advantage™  Cleavage  Medium  with  10%  serum  protein  

substitute  (SPS;;  Sage™,  Trumbull,  CT)  or  Global  media  supplemented  with  10%  serum  

protein  at  37°C  with  6%  CO2,  5%  O2  and  89%  N2  with  no  difference  observed  between  

medias.  All  animal  procedures  were  performed  under  the  IACUC  protocol  #16146  entitled,  

“Molecular  Analysis  of  Embryogenesis  and  Gametogenesis,”  which  was  approved  by  the  

Stanford  University  Administrative  Panel  on  Laboratory  Animal  Care.    
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Results  

  

  

Detecting  abnormal  nuclear  structures  with  brightfield  TLM.  

  

A  key  advantage  of  using  time-­lapse  imaging  for  embryo  assessment  is  the  ability  to  detect  

abnormal  nuclear  morphologies  that  reveal  ploidy  errors  and  chromosome  missegregation  

events.  As  numerous  studies  in  the  cancer  field  have  demonstrated,  micronuclei  formation  

around  lagging  chromosomes  is  a  visual  hallmark  for  inferring  chromosomal  instability  and  

DNA-­damage  [313].  Findings  presented  in  chapter  2  demonstrated  that  micronuclei  can  

be  eliminated  from  blastomeres  through  cellular  fragmentation  and  these  embryos  from  

which   they   were   eliminated   were   affected   by   copy   number   and   ploidy   errors.   With  

brightfield  TLM,   these  micronuclei  as  well  as  other  nuclear  defects  can  be  observed   in  

rhesus   macaque   embryos.   When   abnormal   nuclear   morphologies   are   present   in  

blastomeres,  conclusions  can  be  made  depending  on  when  the  nuclear  defects  occur.  If  

micronuclei  are  present  in  a  zygote,  the  embryo  is  affected  by  a  meiotic  error  originating  

from  the  oocyte  or  the  chromosome  missegregation  occurred  upon  pronuclear  assembly  

from   the   sperm   nucleus.   This   error   would   be   propagated   to   all   daughter   cells   unless  

eliminated  in  subsequent  mitoses.  Aneuploidy  at  the  1-­cell  stage  is  much  less  likely  to  be  

tolerated   in   rhesus   macaque   embryos   since   there   are   no   known   viable   aneuploidies.  

Nuclear  defects  such  as  micronucleation  at  the  2-­cell  stage  (Figure  25B)  would  also  have  

a  poor  prognosis  as  all  cells  would  be  affected  by  genomic  instability  but  may  be  tolerated  

at   later   cleavage   stages   in   euploid-­aneuploid   mosaic   embryos   (Figure   25C).   The  

occurrence  of  binucleation  in  the  early  cleavage  stages  (Figure  25D)  is  also  common  and  

can  be  a  sign  of  successful  karyokinesis  but  absence  of  cytokinesis  leading  to  a  tetraploid  

cell.   Likewise,   a   binucleated   cell   may   be   diploid   where   a   haploid   genome   underwent  
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endoreduplication.  Since  EGA  does  not  occur  until  approximately  the  8-­16  cell  stage  in  

rhesus   macaque   embryos,   abnormal   nuclear   morphologies   that   denote   incorrect  

chromosome  number  are  permissible  up  to  this  point.    

  

  

The  first   three  mitotic  divisions  are  highly  predictive  of   rhesus  macaque  embryo  

fate  

  

Based  on  the  high   incidence  of  multipolar  divisions  at   the  1-­   to  2-­cell  stage  reported   in  

chapter  1  and  previous  reports  that  the  timing  intervals  of  the  first  three  mitotic  divisions  

are  predictive  of  blastocyst  formation  and/or  ploidy  status  in  human  embryos  [72,  91,  108],  

this  study  aimed   to  determine   if  early  mitotic   timing  was  similarly  prognostic   for   rhesus  

macaque   preimplantation   development.   Therefore,   92   rhesus   macaque   zygotes   were  

monitored   by   TLM,   but   allowed   to   progress   up   to   blastocyst   stage.  While   42   of   these  

embryos   arrested   during   mitosis   prior   to   day   7,   the   remaining   embryos   reached   the  

blastocyst  stage  with  a  blastocyst  formation  rate  of  ~54%  (N=50/92).  Of  the  92  embryos,  

~18.5%  (17/92)  underwent  a  multipolar  division  and  ~88%  (N=15/17)  of   those  arrested  

following   the   abnormal   division.   Notably,   the   two   multipolar   embryos   that   still   formed  

blastocysts  exhibited  a  unique  1-­  to  4-­cell  symmetrical  multipolar  division  without  cellular  

fragmentation  at  the  1-­  or  2-­  cell  stage  (Figure  22).    

  

The  timing  intervals  of  the  first  three  mitotic  division  were  recorded  for  all  embryos.  The  

duration  of  the  first  cytokinesis  lasted  from  first  cleavage  furrow  of  the  zygote  (t1)  to  the  

end  of  cytokinesis  (t2).  The  parameter  for  the  second  cell  division  was  the  time  between  

the   start   of   the   first   cleavage   furrow   at   the   2-­cell   stage   (t3)   and   the   end   of   the   first  

cytokinesis  (t2).  The  parameter  for  the  third  cell  division  was  the  time  between  the  start  of  
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the  cleavage  furrow  at  the  3-­cell  stage  for  the  cell  that  did  not  divide  at  the  2-­cell  stage  (t4)  

and  the  end  of  the  second  division  (t3)  (Figure  24).  An  examination  of  the  average  time  

intervals  between  the  first  three  mitotic  divisions  in  embryos  that  successfully  reached  the  

blastocyst  stage  was  35.15  ±  15.26  minutes,  9.33  ±  2.52  hours,  and  1.97  ±  2.32  hours,  

respectively.   In   contrast,   the  arrested  embryos  exhibited   longer  mitotic   timing   intervals  

and/or   large  standard  deviations  with  averages  of  59.21  ±  50.49  minutes,  8.80  ±  10.82  

hours,   and   6.27   ±   5.84   hours.   Taken   together,   statistically   significant   differences  

(p<7.1x10-­4;;   Levene’s   test)   in   the   variances   of   all   three   divisions   were   observed   in  

blastocysts   versus   arrested   embryos,   but   the   medians   of   only   the   1st   and   3rd   mitotic  

divisions   were   significantly   different   (p<7.6x10-­4;;   Mann-­Whitney   test)   between   the   two  

embryo  groups  (Figure  26A).  When  each  embryo  was  graphed  as  a  symbol  in  2-­  and  3-­

dimensional   (Figure  26B  &  C)  parameter  plots,   the  blastocysts   tended   to  cluster  more  

tightly  in  a  similar  region  of  mitotic  timing  than  the  arrested  embryos.  Using  these  data,  a  

prediction   tree   for  determining   the   likelihood  of  an  embryo  developing   into  a  blastocyst  

was  constructed  based  on  early  mitotic  timing.  As  shown  in  Figure  27,  if  the  time  to  the  

2nd  division  was  ~6  to  ~15  hrs.,  and  the  duration  of  the  1st  division  was  less  than  ~40  

mins.,  or   the  time  between  the  2nd  and  3rd  division  was   less  than  0.375  hrs.,   then  the  

embryo  had  a  high  probability  of  progressing  to  the  blastocyst  stage  with  ~86%  accuracy,  

sensitivity,  and  specificity.  A  similar  type  of  analysis  was  performed  to  determine  if  the  first  

three  mitotic   divisions   with   or   without   cellular   fragmentation   assessment   could   predict  

abnormal  chromosome  number  in  embryos,  but  no  statistical  differences  between  groups  

were  found  (data  not  shown).  This  may  be  due  to  a  gap  in  mitotic  timing  measurements  

since  most  euploid  embryos  were  collected  at  the  2-­cell  stage.    

  

  



 127 

Early   mitotic   timing   is   more   similar   between   human   and   rhesus   macaque   than  

mouse    

  

To  determine  if  rhesus  macaque  embryos  can  also  be  a  suitable  model  for  studying  cell  

division  parameters  for  human  embryos  that  go  on  to  reach  the  blastocyst  stage,  the  first  

three  mitotic  timing  intervals  of  all  rhesus  macaque  blastocysts  were  compared  to  those  

previously  obtained  for  human  blastocysts  [72].  While  a  wider  variance  was  observed  for  

the  duration  of  the  1st  mitotic  division  in  rhesus  macaque  embryos,  the  time  to  both  the  2nd  

and  3rd  mitotic  divisions  was  quite  similar  between  rhesus  macaque  (N=50)  and  human  

(N=36)  blastocysts  (Figure  28A).  This  was  in  contrast  to  mouse  blastocysts  measured  in  

this   study   (N=37),   which   exhibited   a   distinctly   long   2nd   division   of   ~20.0   +   3.14   hours  

(p<1x10-­4),   likely  due  to  species-­specific  differences   in   the  onset  of  embryonic  genome  

activation   [123,   278,   279].  When   the   blastocysts   from   each   species   were   graphed   as  

different  symbols  in  2-­  and  3-­dimensional  parameter  plots  (Figure  28B),  there  was  overlap  

in   the   timing   intervals   between   rhesus   macaque   and   human   blastocysts   and   their  

distinction  from  mouse  blastocysts  became  more  apparent.  Principal  component  analysis  

and   k-­means   clustering   for   further   stratification   identified   nine   outliers   that   differed   in  

mitotic  timing  from  all  three  species  (Figure  29A).  Taking  these  outliers  into  consideration,  

the  data  were   re-­categorized   into   three  discrete  clusters   that  primarily   included   rhesus  

macaque   (N=44/49)   and   human   blastocysts   (N=33/36)   in   the   first   cluster,   the   outliers  

(N=9)  in  cluster  2,  and  most  of  the  mouse  blastocysts  (N=32/37)  in  the  third  cluster.  Similar  

results  were  observed  by  unsupervised  hierarchical  clustering,  which  demonstrated  more  

overlap  in  the  assembly  of  rhesus  macaque  and  human  blastocysts  than  that  of  mouse  

(Figure  29B).  Thus,  besides  having  a  higher  frequency  of  aneuploidy  than  mice  [18,  19],  

rhesus  macaque   and   human   embryos   also   exhibit   comparable   timing   between  mitotic  

divisions  during  early  preimplantation  development.  
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Discussion  

  

Preimplantation  genetic  screening  of  embryos  to  detect  aneuploidy  is  implemented  in  most  

fertility  clinics  in  the  United  States.  Randomized  control  trials  using  PGS  to  evaluate  the  

copy   number   status   have   varied   for   demonstrating   improvements   in   IVF   outcomes.  

Studies  have  ranged  from  worsened  outcomes  to  no  differences   in  earlier  studies,   [37,  

338,  339]  to  modest  improvements  over  IVF  without  preimplantation  genetic  screening  in  

prospective  randomized  trails  [51,  340-­342],  however  the  study  design  of  these  trials  have  

been  called   into  question  [343].  Nonetheless,  embryo  biopsy  for  PGS  requires  a  highly  

skilled   embryologist   to   perform   an   invasive   procedure   that   could   be   detrimental   to  

subsequent   development.   Additionally,   mild   segmental   and   whole   chromosome  

aneuploidies  in  human  mosaic  embryos  seem  to  be  tolerated  since  they  can  implant  and  

result  in  live  births  of  healthy  offspring  [245].  Without  strong  clinical  evidence  to  support  

the  benefit   for  adding  PGS   to  an   IVF  cycle,   increased  cost  and  missed  opportunity   for  

mosaic  embryos  may  be  the  unfortunate  real  outcomes  of  this  treatment.  With  the  unclear  

benefit  of  PGS,  new  research  has  been  geared  toward  alternative,  non-­invasive  means  of  

assessing  embryo  quality.    

  

Progression  through  the  cell  cycle  can  delay  if  there  is  abnormal  chromosome  number.  

Therefore,   cleavages   that   are   outside   of   the   ideal   time   frames   for   normal   cell   division  

parameters  may   indicate   that   the  embryo  has   reduced  developmental   potential   due   to  

aneuploid  blastomeres.  Using  TLM,  deviation  from  the  ideal  cell  division  parameters  for  

the  first  cell  divisions  of  high  quality  embryos  can  be  measured.  In  addition,  the  detection  

of  abnormal  nuclear  structures  that  are  indicative  of  chromosomal  instability  can  be  seen  

with  brightfield  TLM  at  early  stages.  The  first  cytokinesis  for  a  normal  human  zygote  should  

be   on   day   2   in   the   realm   ~24–27   hours   after   fertilization.   The   duration   of   the   first  
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cytokinesis   should   last   14.3   ±   6.0   minutes   for   those   zygotes   that   go   on   to   reach   the  

blastocyst  [72]  and  14.4  ±  4.2  minutes  for  human  embryos  that  will  likely  be  chromosomally  

normal  at  the  4-­cell  stage  [108].  For  the  2nd  and  3rd  mitotic  divisions,  the  ideal  times  when  

the  cleavage  furrow  should  appear  is  11.8  ±  0.71  hours  and  0.96  ±  0.84  hours  respectively  

for  human  embryos  that  are  chromosomally  normal  at  the  4-­cell  stage  [108].  In  this  study,  

rhesus  macaque  embryos  that  reached  the  blastocyst  stage  had  similar  intervals  for  the  

first  three  mitotic  divisions  with  35.15  ±  15.26  minutes  (mins.),  9.33  ±  2.52  hours  (hrs.),  

and  1.97  ±  2.32  hrs.,   respectively,  especially  when  compared  to  mouse  for   the  second  

division.    

  

Although  the  data  analyzed  here  were  not  sufficient  for  assessing  cell  division  parameters  

for  predicting  copy  number  status  in  rhesus  macaque  embryos,  this  study  did  confirm  that  

rhesus  macaque  is  more  similar  to  human  than  mouse  and  thus  would  be  a  more  suitable  

model   for   developing   this   technology.   Implementing   TLM   to   measure   cell   division  

parameters  as  well  as  detect  abnormal  nuclear  structures   like  micronuclei  or  multipolar  

divisions  may  prove  an  effective  alternative,  non-­invasive  method  to  PGS.  Even  if  TLM  

does   not   replace   PGS   for   detecting   aneuploid   embryos,   the   continuous  monitoring   of  

embryos   in   a   stable   environment   is   an   excellent   reason   to   utilize   this   technology  over  

traditional  embryo  morphology  assessment  at  static   time  points.  More  TLM  studies  are  

needed   that   implement   tools   to   systematically   and   autonomously   collect   these  

measurements  so  that  subjective  biases  can  be  avoided  when  assessing  embryos.  With  

the  numerous  similarities  shared  between  human  and  rhesus  macaque  embryos,  further  

TLMs  are  merited  in  the  rhesus  macaque  model.  
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Figure  24.  Cell  division  parameters  to  the  4-­cell  stage.    

(A)  Schematic  illustration  of  a  rhesus  macaque  embryo  from  zygote  to  4-­cell  stage  (below)  

imaged  with  the  Auxogyn  Eeva™  2.3.5  bimodal  time-­lapse  monitoring  system.  Large  white  

circles   are   blastomeres   and   small   while   ovals   are   polar   bodies.   Intervals   between  

morphokinetic   time   points   (above)   outline   cell   cycle   parameters   used   to   determine   if  

dividing   embryos   are   within   timing   windows   for   normal   development.   The   zygote  

containing   2   pronuclei   and   2   polar   bodies,   was   imaged   using   (B)   darkfield   and   (C)  

brightfield  illumination  for  cleavages  up  to  the  4-­cell  stage.    
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Figure  25.  Characteristic  nuclear  morphologies  associated  with  chromosomal  instability.  

Rhesus   macaque   embryos   at   different   stages   of   development   with   varying   types   of  

nuclear  morphology  ranging  from  (A)  normal  to  micronucleation  at  the  (B)  2-­cell  and  (C)  

~10-­cell   stage,   or   (D)   binucleation.   A   cartoon   of   each   embryo   is   shown   above   the  

brightfield  image  to  aide  in  depicting  the  location  of  nuclear  structures  of  interest.  Cellular  

fragments   are   light-­yellow   ovals.   Brightfield   images   were   captured   with   the   Auxogyn  

Eeva™  2.3.5  bimodal  time-­lapse  monitoring  system.  
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Figure  26.  Cell  division  parameters  differ  between  embryos  that  reach  blastocyst  or  arrest.    

(A)  Box  and  whisker  plots  showing  the  length  of  time  for  the  duration  of  the  1st  cytokinesis  

(Division  1)  in  minutes  (mins.),  time  between  the  1st  and  2nd  mitosis  (Division  2)  in  hours  

(hrs.),  and  time  between  the  2nd  and  3rd  mitosis  (Division  3)  in  hrs.  between  blastocysts  

and   arrested   embryos.   *Both   the  median   (Mann-­Whitney   test)   and   variance   (Levene’s  

test)  between  the  two  groups  are  significantly  different  (p<0.001);;  **only  variance  between  

the   two  embryo  groups   is  statistically  significant   (p<  0.0001).   (B)  2-­  and  3-­dimensional  

scatter  plots   for  Division  1,  Division  2,  and  Division  3   in  blastocysts   (red)  and  arrested  

(blue)  embryos.  
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Figure  27.  The  first  three  mitotic  divisions  predict  rhesus  macaque  blastocyst  formation.  

Pruned  decision  tree  for  determining  whether  an  embryo  will   likely  reach  the  blastocyst  

stage  or  arrest  prior  to  this  based  on  the  timing  intervals  of  the  first  three  cell  divisions  with  

a  prediction  accuracy,  sensitivity,  and  specificity  of  ~86%.  
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Figure   28.   Cell   division   parameters   are   more   similar   between   rhesus   macaque   and  

human  blastocysts  than  mouse.    

(A)  Box  and  whisker  plots  of  the  time  intervals  for  Division  1,  Division  2,  and  Division  3  in  

rhesus  macaque,  mouse,  and  human  blastocysts.  (B)  2-­D  and  3-­dimnesional  scatter  plots  

for  Division  1,  Division  2,  and  Division  3   in   rhesus  macaque   (red),  mouse   (green)  and  

human  (blue)  blastocysts.    
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Figure  29.  Rhesus  macaque  and  human  blastocysts  division  parameters  overlap  based  

on  principle  component  analysis  and  unsupervised  hierarchical  clustering.  

(A)   Principle   component   analysis   (PCA)   plots   of   PCA1   versus   PCA2   (left)   and   PCA1  

versus  PCA3  (right)  based  on  median  and  scaled  by  median  absolute  deviation  (MAD)  

with  unsupervised  K-­mean  clustering  of  similar  groups;;  rhesus  macaque  =  l,  mouse  =  ▲

,  human  =  n.  (B)  Unsupervised  hierarchical  clustering  of  the  first  three  mitotic  divisions  in  

rhesus  macaque  (red),  mouse  (green)  and  human  (blue)  blastocysts.    
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Conclusions  

  

Significance  to  the  Scientific  Community  

  

Infertility  is  relatively  common  in  humans,  impacting  10-­15%  of  reproductive-­age  couples.  

The  use  of  IVF  has  more  than  doubled  in  the  past  decade  and  is  expected  to  continue  to  

increase  [11].  Despite  considerable  advances,  IVF  success  rates  still  hover  around  ~30-­

35%  for  patients  (when  all  age  groups  are  combined)  in  the  United  States  (cdc.gov/art),  

and  this  is  primarily  due  to  whole  and  sub-­chromosomal  abnormalities  [3].  Although  much  

of   the   increase   in   the  number  of   IVF  cycles  performed  each  year  can  be  explained  by  

couples  continuing  to  delay  childbearing  for  a  variety  of  reasons,  aneuploidy  is  not  only  

associated  with  female  patients  of  an  advanced  maternal  age.  Remarkably,  mothers  of  all  

ages  can  produce  a  high  percentage  of  aneuploid  embryos  as  shown  in  a  previous  study,  

wherein  83%  and  70%  of  embryos  from  both  young  and  fertile  women  exhibited  whole-­

chromosomal   imbalances   and   sub-­chromosomal   abnormalities,   respectively   [26].   In  

addition,  the  implementation  of  more  advanced  IVF  techniques  such  as  intracytoplasmic  

sperm   injection,   preimplantation   genetic   screening,   and   assisted   hatching   have   not  

dramatically   changed   the   percentage   of   live   births   [6-­8,   344].      An   approach   that   has  

significantly   improved   pregnancy   and   live   birth   rates   is   the   transfer   of   frozen-­thawed  

euploid  blastocysts  [30]  and  this  is  thought  to  be  due  to  improved  endometrial  receptivity  

during  a  natural  rather  than  stimulated  cycle  [345,  346].    Therefore,  the  development  and  

implementation  of  strategies  that  directly  target  the  embryo  to  ameliorate  aneuploidy  and  

improve  IVF  outcomes  are  still  greatly  needed.  Such  an  improvement,  however,  may  not  

be  achievable  since  chromosomal  instability  is  likely  inherent  to  human  pre-­implantation  

development  rather  than  an  artifact  of  IVF.    
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Although  the  frequency  of  aneuploidy  in  human  oocytes  and  pre-­implantation  embryos  is  

fairly   well   defined   across   various   ages   thanks   to   the   field   of   pre-­implantation   genetic  

screening,  the  etiology  is  far  less  understood.  Until  relatively  recently,  few  human  embryo  

studies  have  addressed  aneuploidy  arising  from  post-­fertilization  mitotic  errors  that  lead  

to  euploid-­aneuploid  mosaicism,  and  understandably  so  since  such  studies  would  require  

their   destruction.   To   circumvent   the   creation   and   destruction   of   human   embryos   for  

research,  studies  often  use  supernumerary,  immature,  and/or  suboptimal  donated  oocytes  

and  embryos  from  IVF  clinics.  The  effect  of  embryo  quality  can  leave  more  questions  than  

answers  when   interpreting   results,  especially  when  using  morphology  as  a  predictor  of  

aneuploidy   [120,   347].   Heterogeneity   in   the   health   status   of   patients,   whether   directly  

related  to  infertility  or  idiopathic,  also  poses  a  problem,  especially  when  dealing  with  small  

samples  sizes.  To  effectively  investigate  mechanisms  that  lead  to  aneuploidy  generation,  

the  ideal  controlled  experiments  would  require  high-­quality  gametes  and  pre-­implantation  

embryos  from  couples  that  are  otherwise  healthy  and  of  average  reproductive  age.  Such  

studies  are  exceedingly  difficult  for  a  number  of  reasons,  including  legislative  regulations  

prohibiting  the  use  of  federal  funding  for  human  embryo  research,  along  with  bioethical  

views  held  by  society  and  the  scientific  community  [348],  and  potential  medical  risks  that  

oocyte  donors  might  encounter  during  ovarian  stimulation  [349].    

  

For   these   reasons,   among   others   not   yet   defined,   human   embryo   research   should   be  

preceded  and  refined  in  a  suitable  animal  model  if  available.  As  stated  previously,  most  

embryology  research  is  carried  out  in  the  mouse,  but  this  species  has  a  considerably  lower  

aneuploidy   frequency   than   human   embryos   and   the   sperm   does   not   contribute   the  

centrosome  to  set  up  the  first  cell  divisions.  Bovine  pre-­implantation  embryos  have  also  

been  utilized  for  embryology  research  and  a  recent  report  showed  that  aneuploidy  levels  

are  just  as  frequent  in  the  cow  (74%)  [21]  as  levels  recorded  in  human  and  now  in  rhesus  



 138 

macaques  (this  study).  However,  the  bovine  oocytes  from  the  Destouni  et  al.  study  were  

collected  directly  from  ovaries  post-­slaughter  and  underwent  in  vitro  maturation,  which  is  

known   to   increase   aneuploidy   by   itself   [22].   Cleavage-­stage   bovine   embryos   are   also  

opaque  under  basic  light  microscopes  due  to  high  lipid  content,  making  it  difficult  to  assess  

blastomere   morphologies   and   nuclear   structures   without   the   aid   of   dyes,   fluorescent  

markers,  or  stratifying  organelles  by  centrifugation  [350].  Although  both  murine  and  bovine  

embryos  have   their   clear  advantages   for   facilitating   fast   and  cost-­effective  embryology  

research,  the  lower  frequency  of  aneuploidy  and  cellular  fragmentation  in  these  models  

reduces   their   utility   for   discovering  mechanisms   that   lead   to   aneuploidy   generation   in  

humans.   Furthermore,  mice   produced   for   research   are   heavily   inbred,   and   to   a   lesser  

extent,  livestock  also  lack  genetic  diversity  since  certain  strains  are  favored  for  meat  and  

dairy  production   [351].  This   lack  of  genetic  diversity  and  breeding  schemes   to  produce  

robust  animals  that  reach  sexual  maturity  at  younger  ages  may  select  against  defects  in  

gametes  or  embryos  that  cause  infertility  and/or  the  early  embryonic  losses  that  we  wish  

to  study.  Finally,  the  age  of  oocyte  and  sperm  procured  from  these  animals  are  several  

decades   younger   compared   to   the   human   equivalents.   It   is   well   established   that   with  

increased  maternal  age,  abnormal  segregation  of  chromosomes  and  altered  patterns  of  

recombination  increase  in  the  oocyte  simply  due  to  degradation  of  proteins  necessary  for  

meiosis   and   lack   of   appropriate   maternal   mRNA   clearance   [352-­355].   Under   these  

considerations,  an  animal  model  such  as  the  macaque  that  takes  4-­6  years  to  reach  sexual  

maturity   (as   opposed   to   a   few   weeks   in   the   mouse   or   13-­15   months   in   US   cattle;;  

http://www.partners-­in-­reproduction.com/)  may  provide  oocytes   that  are  more  similar   to  

their  human  counterparts  and  easily  translatable.  With  this  in  mind,  we  aimed  to  determine  

whether   rhesus   macaque   pre-­implantation   embryos   would   serve   as   a   suitable  

replacement   for   the  study  of  aneuploidy  based  on   their  numerous  shared  physiological  

traits  and  evolutionary  proximity.  
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In  this  study,  we  indeed  confirmed  that  the  rhesus  macaque  embryo  can  act  as  a  surrogate  

model  since  similar  degrees  of  aneuploidy,  cellular  fragmentation,  micronuclei  formation,  

abnormal  cell  divisions,  and  ploidy  errors  were  shared  with  human  embryos.  Not  only  were  

meiotic  and  mitotic  errors  distinguished  by  the  detection  of  polar  bodies  and  comparison  

to  blastomere  composition,  but  a  range  of  aneuploidies  were  observed  from  trisomies  and  

monosomies   to   chaotic   aneuploidies   as  well   as   segmental   aneuploidies   resulting   from  

mitotic   breaks.   We   also   demonstrated,   for   the   first   time,   the   relationship   between  

micronuclei   formation  and  cellular   fragmentation   in  pre-­implantation  embryos  by  single-­

cell  sequencing.  Both  of  these  cellular  features  are  commonly  seen  in  human  embryos,  

but  not  in  mouse,  and  less  frequently  (~15%)  in  the  bovine  model  [356].  The  elimination  

of  micronuclei  via   fragmentation  was  observed   in   rhesus  macaque  embryos,   indicating  

that   the   removal  of  missegregated  chromosomes  may  occur   instead  of   reincorporation  

into  the  primary  nucleus.  Immunofluorescence  analysis  of  DNA  damage  primarily  within  

the  micronucleus  confirmed  that  the  DNA  it  contains  is  fragile  and  alludes  to  the  possibility  

that   early   embryos   undergo   chromothripsis.   Interestingly,   the   degree   of   DNA   damage  

appeared  to  be  intensified  in  micronuclei  that  were  eliminated  from  the  embryo  through  

cellular  fragmentation.  With  this  finding,  it  is  conceivable  that  damaged  chromosomes  are  

eradicated   to   avoid   propagation   of   highly   rearranged,   unbalanced   chromosomes.  

Furthermore,  this  study  is  one  of  the  first  of  its  kind  to  perform  SNP  analysis  to  determine  

chromosomal   origins   and   overall   ploidy   using   parental   DNA   and   single-­cell   DNA  

sequencing   of   pre-­implantation   embryos.      We   determined   that   ploidy   errors   such   as  

mixoploidy,  gyno-­  and  andro-­genesis,  and  polyploidy,  as  well  as  multipolar  divisions,  were  

often   observed   in   embryos   with   cellular   fragments   that   contained   missegregated  

chromosomes.   The   close   association   between   ploidy   and   cell   division   errors   points   to  
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centrosomal  defects  playing  a  significant  role  in  aneuploidy  generation,  but  further  studies  

are  needed  to  resolve  the  critical  players  in  this  process.  

  

The   findings   presented   here   offer   the   reproductive   biology   and   IVF   community   new  

evidence  for  how  an  embryo  might  overcome  chromosomal  instability  at  an  early  stage  to  

continue   onward   through   development.   Chromosome   elimination   through   cellular  

fragmentation  could  be  a  means  for  trisomic  rescue,  or  the  more  likely  scenario,  render  

an  aneuploid  blastomere  deficient  of  genetic  material  required  for  genome  activation  and  

continued  cell  division.  This  is  supported  by  the  notion  that  aneuploid  embryos  are  more  

likely  to  arrest  at  the  stage  of  EGA  onset.  Indications  of  chromothripsis  occurring  in  these  

eliminated   chromosomes   will   also   be   of   interest   to   the   broader   chromosome   biology  

community,   particularly   cancer   and   tumorigenesis   researchers.   As   a   follow-­up   to   a  

previous  report  from  our  lab  [108],  this  study  also  examined  the  correlation  between  TLM  

of  embryos  and  single-­cell  CNV  assessment.  Although   the   timing  of   the   first   three  cell  

divisions  was  not   indicative  of  chromosome  copy  number   in   rhesus  macaque  embryos  

due  to  the  need  of  additional  euploid  embryos  beyond  the  2-­cell  stage,  multipolar  divisions  

at  the  1-­  or  2-­cell  stage  was  linked  with  chaotic  aneuploidy.  Currently,  only  a  few  IVF  clinics  

in   the   United   States   have   adopted   TLM   because   of   the   associated   costs   and   rapidly  

growing  practice  of  transferring  vitrified  blastocysts  after  PGS  rather  than  the  fresh  transfer  

of  cleavage-­stage  embryos.  Furthermore,  certain  randomized  control  trials  did  not  find  that  

cell  division  parameters  are  predictive  of  blastocyst  formation  rate,  CNV  in  trophectoderm  

biopsies,  or  live  birth  rate  [357],  which  may  be  due  to  differences  in  study  design  and/or  

patient   population.   Future   identification   of   optimal   TLM  morphokinetic   parameters   that  

accurately  predict  the  developmental  potential  of  an  embryo  for  live  birth  should  include  

detection  of  multipolar  divisions  and  exclusion  of  arrested  blastomeres.      
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Upon   completion   of   the   SNP   analysis,   we   were   surprised   by   the   unexpectedly   high  

number   of   rhesus   macaque   embryos   that   were   uniparental   or   triploid   and   yet,  

morphologically   indistinguishable   from   their   biparental   counterparts.   This   observation  

should  raise  concerns  as  to  whether  PGS  screening  for  only  chromosome  copy  number  

is  sufficient  or  should  include  parental  DNA  assessment.  Although  the  majority  of  human  

embryos  are  now  generated   from   intracytoplasmic  sperm   injections  of  MII  oocytes  and  

therefore,   unlikely   to   be   polyploid,   gynogenotes   and   androgenotes   can   still   reach   the  

blastocyst   stage  and  deceptively  appear   to  be  euploid   following  PGS.  This  may  mean  

some  percentage  of  transferred  human  embryos  have  ploidy  errors  detected  as  normal  

chromosome  complement,  at  least  in  the  trophectoderm  cells.  Such  a  scenario  is  possible,  

since  molar   pregnancies   do   occur   in   IVF   patients   [358,   359]   and   it   is  well   known   that  

parthenotes  provide  “healthy”-­looking  blastocysts,  a  subjective  feature  that  is  often  used  

to   select   embryos   for   transfer   [360].   However,   the   incidence   of   ploidy   errors   at   the  

blastocyst  stage  may  be  low  enough  that  clinics  will  assume  this  risk  rather  than  impose  

additional  sequencing  costs  to  obtain  SNP  panels  for  the  parents.  With  the  multiplexing  

strategy  devised  here,  costs  for  CNV  detection  may  be  reduced,  especially  for  high  volume  

clinics  or  external  clinical  diagnostic  centers.  For  this  study,  library  prep  and  sequencing  

cost  for  six  embryo  samples  and  both  parents  amounted  to  ~$1,200.  These  numbers,  of  

course,  do  not   include  personnel  cost   for  preparing  samples,   running   instruments,  and  

downstream  analyses,  nor  does  it  include  price  increases  in  industry  and  software  costs.  

Nevertheless,   by   decreasing   the   costs   of   CNV   testing  with   high   capacity  multiplexing,  

sequencing  the  parents  seems  a  reasonable  request  considering  the  current  price  tag  of  

PGS,  which  easily  ranges  from  $2,000-­5,000  at  most  clinics.    
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Future  Directions    

  

Since  this  dissertation  concluded  that  the  rhesus  macaque  pre-­implantation  embryo  is  a  

suitable  animal  model  to  study  aneuploidy  in  human  embryos,  additional  descriptive  and  

future  mechanistic  studies  are  justified.  One  study  currently  underway  involves  injecting  

modified  mRNAs  for  proteins  with  fluorescent  tags  into  zygotes  to  visualize  some  of  the  

events  captured  here   in   real-­time  by   live-­cell   confocal   imaging.  One  objective  of   these  

experiments  is  to  observe  micronuclei  being  eliminated  through  fragmentation.  To  achieve  

this,  I  confirmed  that  green  fluorescent  protein  and  mCherry  are  visible  when  attached  to  

either   Histone   H2B   or   Lamin-­B1   in   live   rhesus  macaque   and   bovine   embryos.   Unlike  

plasmids,  embryos  respond  to  cytoplasmic  microinjection  of  mRNAs  at  the  zygote  stage  

and   initial  observations  show  that   the  mRNA  can  persist  until   the  blastocyst  stage  with  

similar  fluorescent  intensity  amongst  cells.  Using  a  scanning  confocal  microscope  with  an  

environmental  chamber  under  tri-­gas  conditions,  injected  embryos  were  imaged  for  up  to  

16   hours   at   15-­minute   intervals   with   10uM   Z-­stacks.   The   microinjection   itself   and  

phototoxicity   from  the  488  and  561   laser   lines  appear   to  delay  cleavage  and   increases  

abnormal   nuclear   morphology   compared   to   injected   embryos   that   are   not   imaged   by  

confocal  microscopy.  Thus,  alternative  microscopy  approaches  will  be  explored  such  as  

spinning  disk  confocal  or  multi-­photon  microscopy   to   reduce  phototoxicity  and   improve  

embryo  viability.  Lightsheet  microscopy  may  also  be  a  potential  alternative   if  a  sample  

mounting   technique   that   still   facilitates   normal   pre-­implantation   development   of   live  

embryos  can  be  devised.  Additionally,  SiR-­Hoechst,  a  far-­red  cell  permeable  dye  for  DNA  

visualization  [361],  is  being  investigated  as  well  and  thus  far,  embryo  development  does  

not  appear  to  be  affected  by  short-­term  culture  with  this  dye.  By  shifting  the  color  spectrum  

further  right  to  a  larger  wavelength  with  a  brighter  fluorophore,  embryo  phototoxicity  might  

be   reduced.   However,   preliminary   experiments   determined   that   SiR-­DNA   is   only  
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detectable  in  the  condensed  chromatin  of  mitotic  chromosomes,  polar  bodies,  and  sperm.  

Furthermore,  an  issue  that  is  unique  to  pre-­implantation  embryos  is  the  need  for  increased  

magnification,  while  also  imaging  multiple  embryos  that  are  ~100uM  in  diameter  each.  To  

accomplish   this,   XY   stage   movement   for   imaging   multiple   points   of   interest   is   likely  

required  and  an  easily  achievable   task  with  a  monolayer  of  attached  cells.   In  contrast,  

large   spherical   pre-­implantation   embryos,   exhibit   considerable   movement   with   each  

cleavage   division   and   tend   to   move   out   of   the   imaging   frame   when   the   stage   shifts.  

Therefore,  we  are  also  testing  glass  bottom  microwell-­containing  petri  dishes,  both  custom  

made  and  commercially  available  with  viable  biomaterials,  for  reducing  embryo  movement  

during  motorized  stage  scanning.    

  

Even  though  some  cellular  structures  will  still  require  fluorescent  tags  for  visualization  in  

embryos,   certain   abnormal   nuclear   features  were  actually   visible   in   blastomeres   using  

brightfield   TLM.   This   detection   capability   will   allow   development   of   future   studies   to  

determine  whether  the  presence  of  micro-­,  multi-­,  or  bi-­nucleation  up  to  the  4-­cell  stage  

signals  the  occurrence  of  imminent  aneuploidy  in  embryos  at  that  or  subsequent  stages.    

While  this  type  of  study  has  not  been  conducted  with  rhesus  macaque  embryos,  human  

embryo  studies  have  shown   that  micronucleation  at   the  2-­cell  stage   is  similar  between  

euploid  and  aneuploid  blastocysts  diagnosed  by   trophectoderm  biopsy  and  PGS  [347].  

Thus,  it  remains  to  be  determined  if  nuclear  morphology  alone,  or  in  combination  with  cell  

division   parameter   measurements,   are   predictive   of   embryo   developmental   potential.  

Future  work  should  identify  additional  parameters  that  could  identify  aneuploid  blastocysts  

since  most  clinics  will  likely  culture  to  this  stage  and  there  is  some  discrepancy  between  

randomized  control  trials  as  to  whether  time-­lapse  imaging  is  beneficial  to  IVF  patients.    
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Another   important   question   remaining   from   this   study   is   whether   an   event   called  

chromothripsis   occurs   in   embryonic  micronuclei.   Even   though   we   were   able   to   obtain  

individual  micronuclei-­containing  cellular   fragments,   it  will  be  an  ambitious  challenge   to  

determine  whether   complex   chromosomal   rearrangements,   which   are   characteristic   of  

chromothripsis,  occurred.  While  PCR-­based  WGA  is  significantly  more  effective  for  CNV  

analysis   than   isothermal   amplification   (non-­PCR)-­based   techniques   such   as   multiple  

displacement   amplification   (MDA)   [50],   the   small   size   of   DNA   fragments   produced   by  

PCR-­based  approaches  makes   it   difficult   to   accurately   call   structural   variants.  For   this  

purpose,  MDA  should  be  used  to  generate  larger  amplicons,  but  this  approach  is  again  

known  to  be   inadequate  for  reliable  CNV  calling  [50].  Nevertheless,  we  may  attempt  to  

assess  chromothripsis  in  embryos  via  high  coverage  paired-­end  sequencing  of  CCFs  and  

excluded   blastomeres.   Discordant   read-­pairs   and   splitting   reads   would   indicate   the  

presence  of  a  chromosomal  rearrangement,  but  artifacts  of  chimeric  DNA  from  single-­cell  

WGA  can  generate  many  false  positives.  Therefore,  MDA  of  cellular  fragments  containing  

micronuclei   and/or   the   development   of   additional   bioinformatics   approaches   that   can  

control  for  chimeric  reads  would  be  required  to  evaluate  chromothriptic  events  confidently.  

Since   micronuclei   were   only   observed   in   7.4%   of   cellular   fragments   here,   pooling   of  

cellular   fragments   into   one   sample   should   also   be   the   target   of   future   studies   if   polar  

bodies  can  be  removed  at  the  zygote  stage.  

  

This   dissertation   also   revealed   that   centrosomal   defects   in   sperm   and/or   competing  

MTOCs  in  oocytes  might  play  a  significant  role  in  mitotic  aneuploidy.  Research  is  currently  

underway   in   the   laboratory   to   visualize   sperm  centrosomes  and  microtubule  dynamics  

following   fertilization.   Future   research   on   the   particular   male   in   these   studies,   parent  

26028,   who   generated   most   of   the   multipolar   and   chaotic   embryos,   may   include  

intracytoplasmic   injections   of   only   the   isolated   centrosome-­containing   sperm   tail   to  
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determine  if  it  can  recapitulate  multipolar  divisions  by  itself.  Through  a  collaboration  with  

the  laboratory  of  Dr.  Ed  Green  at  the  University  of  California-­Santa  Cruz,  sperm  from  male  

26028   will   also   undergo   genetic   linkage   mapping   to   identify   areas   of   meiotic  

recombination.  Along  with  a  center-­wide  SNP  profiling  effort   for  all  monkeys  housed  at  

ONPRC  through  the  Primate  Genetics  Core,  these  data  may  allow  us  to  determine  if  there  

are  detrimental  mutations  in  this  or  other   individuals  affecting  the  centrosomal  network,  

MTOCs,  or  additional  meiotic/mitotic  apparatus  structures.  

  

Recent   findings   that   mosaic   embryos   can   still   implant   and   create   healthy   offspring   in  

humans  and  animal  models  [244,  245,  362],  can  be  further  tested  with  rhesus  macaque  

embryos.  Given   current   contention   as   to   whether   findings   of  mosaicism   in   transferred  

embryos   are   accurate   calls   or   false   positives   [363],   we   must   first   determine   if  

trophectoderm   biopsies   of   5-­7   cells   accurately   reflect   mosaicism   in   blastocysts   at   the  

single-­cell  level.  To  do  this,  trophectoderm  biopsies  should  be  dissociated  into  single  cells  

for  CNV  calling  and  compared  to  entire  blastocysts  sequenced  by  similar  methods  using  

a   high   coverage/throughput   sequencing   platform.   Potentially,   mRNA   could   also   be  

recovered  from  these  single  cells  to  couple  qPCR  validation  of  trophectoderm  versus  ICM  

markers  to  distinguish  these  two  cell  populations.  Although  these  approaches  would  not  

be  used  for  PGS  since  the  first  approach  would  increase  sequencing  costs  by  5-­  to  7-­fold  

and  the  second  strategy  would  necessitate  the  destruction  of  embryos,  this  kind  of  study  

would  be  useful   for  determining   the   false  positive   rates  of  mosaicism   in   trophectoderm  

biopsies.    As  additional  clinics  consider  transferring  mosaic  embryos  for  patients  with  a  

history  of  failed  pregnancies,  we  should  also  thoroughly  determine  if  aneuploidy  calls  are  

truly  reflective  of  mosaicism  in  the  ICM  at  the  single-­cell  level  rather  than  artifacts  of  low-­

input  DNA  CNV  analyses.  Previous  groups  have  reported   that  copy  number  states  are  

concordant  between  the  trophectoderm  and  ICM  via  comparative  genome  hybridization  
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microarrays  and  DNA-­FISH  [46,  364],  but  other  groups  have  contended  that  preferential  

allocation  of  aneuploid  cells  to  the  trophectoderm  does  exist  [365].  Again,  this  has  not  yet  

been   investigated   at   the   single-­cell   level   in   blastocysts   from   any   species   and   further  

research  is  required  before  making  such  a  claim.  

  

Overall,   the   rhesus   macaque   is   a   powerful   model   to   ask   and   probe   questions   about  

aneuploidy   in   primate   embryos.   Future   mechanistic   studies   are   merited   that   explore  

pathways   and   environmental   insults   (such   as   diet   and   synthetic   compound   exposure)  

leading  to  aneuploidy  in  reproductively  young  and  aged  monkeys.  Such  studies  will  offer  

unexplored   insight   into   these   incredible   phenomena.   Ultimately,   the   hope   is   that   the  

findings  reported  here  will  not  only  be  of  use  to  the  clinical  embryology  field  but  will  help  

reproductive  and  developmental  biologists  understand  how  early  embryos  overcome  the  

complexity  of  and  errors  in  meiosis  and  mitosis  to  produce  healthy  and  otherwise  ordinary  

offspring.    
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