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Infertility

Ovarian Stimulation/IUI In Vitro Fertilization

Pisarska, et al. J Clin Endocrinol Metab, 2018 
National Health Statistics Reports 2018
CDC, National Center for Health Statistics 2017

4.6% live births in US 
1.9% live births in US 
8 million babies born worldwide

Infertility affects up 
to 15% of couples

And Treatment Options
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Outcomes based on 
fertility diagnosis

•Significant difference in 
maternal age and  race
•Infertility increases risk 
for cesarean section
•Conceptions from 
infertile couples deliver 
earlier

4Wang, et al . J Matern Fetal Neonatal Med 2018 
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vAMA

• ART were significantly older 
• More likely to be white
• More likely to be nulliparous
• Significantly  increased risk 

for cesarean delivery
• Risk of retained placenta was 

also significantly higher

5
Jackson, et al Fertil Steril 2015;103:76-80.
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Risks associated with infertility and fertility 
treatments 

Shevell T, 2005 Obstet Gynecol 106:1039-1045
Qin J, 2016 Fertil and Steril 2016
Pisarska M, JCEM 2018

spontaneous NIFT IVF

gestational diabetes
pregnancy induced hypertension

placenta previa
placental abruption

postpartum hemorrhage
preterm birth

Low birth weight/SGA
perinatal mortality 

6
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Significant maternal morbidity 

7Martin AS, Obstet Gynecol 2016;127:59–66
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Significant Maternal Morbidity (SMM)

•Using Gold Standard guidelines 
true SMM cases (Complications)
• hemorrhage 
• hypertension/neurologic
• renal, sepsis
• pulmonary, cardiac ICU/invasive 

monitoring
• surgical, bladder, and bowel
• Anesthesia

•Higher rate of women utilizing 
fertility treatment that has 
significant maternal morbidity

•  
8Wang et al. Fertil and Steril 2016 
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Infertility 
Diagnosis and 
Maternal 
Morbidity

• Insurance Claims 
Database

• Fertile n=525,695
• Infertile n=19,658 
• Any severe 

maternal 
morbidity 
including the 
morbidities 
noted were 
associated with 
the diagnosis of 
infertility 
independent of 
treatment

Murugappan, et al, AJOG 2020
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Preterm, late preterm, early term, and term deliveries 
between infertile and fertile women

10

Adjusted for maternal age and race

Infertile

N=277

Fertile

N=3016

P value 

<34 weeks 8 (2.9) 39 (1.3) 0.0321

34-36 6/7 weeks 23 (8.3) 130 (4.3) 0.0032

37-38 6/7 weeks 58 (20.9) 536 (17.8) 0.193

≥39 weeks 188 (67.9) 2311(76.6) 0.0014

Wang, et al . J Matern Fetal Neonatal Med 2018 
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Late preterm infants (34 0/7  to 36 6/7 weeks)

continuous positive airway 
pressure [CPAP]
intermittent mechanical 
ventilation [IMV])

11Wang, Sundheimer et al. J Pediatrics 2017

11

Davies, et al, NEJM 2012; 366:1803-13

12
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Risks of Birth Defects 

Luke B, Brown ML, Wantman E… Hum Reprod 2021

13

Risk Assessment

• Despite increased 
risk of adverse 
outcomes, the 
overall incidence 
and relative risk of 
these outcomes is 
low.

Kawwass, et al Obstet Gynecol 2018;132:763–72 
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Infertility is the contributor to outcomes 
associated with placentation 

• Maternal morbidity is associated with diagnosis of infertility regardless of treatment 
• Adverse outcomes are associated with both IVF and NIFT
• Congenital anomalies are associated with underlying infertility 
• Time to pregnancy increases risk of congenital malformations 

• Models to study the effect of IVF need to include an infertile cohort

• Outcomes are related to placentation defects
◦ Mother - diabetes, hypertension, preeclampsia, placenta previa and accreta, 

retained placenta and abruption as well as SMM
◦ Child- prematurity, growth restriction, and birth defects

Murugappan AJOG 2020; Shevell T 2005 Obstet Gynecol ; Davies NEJM 2012; Zhu JL Br Med J 2006; Qin J 
Fertil and Steril 2016; Jackson Fertil Steril 2015; Wang Fertil and Steril 2016; Pisarska M, JCEM 2018

15
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Are the adverse outcomes associated with ART due to the in 
vitro fertilization process, the treatments or the inherent 
infertility we are trying to overcome?  

?

16

Prevalence of ART in patients with BWS

17Manipalvirtan, et al, Fertil Steril 2009;91:305–15

17

Cohort studies of children 

18Manipalvirtan, et al, Fertil Steril 2009;91:305–15

18
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Adverse pregnancy outcomes: methylation

Differences in DNA methylation and gene expression in term placenta 
from children conceived in vitro versus in vivo

Term placenta and cord blood and may not reflect the early changes 
that occur as a direct result of the IVF conditions in ART. 

Term placenta may reflect changes in the intrauterine environment, 
which has been associated with an altered fetal epigenome leading to 
altered gene expression.

19

Placental Weight, Fetal Weight and
Fetal Weight to Placenta Weight Ratio

Figure 2: Placental Characteristics

Sundheimer, et al. J Assist Reprod Genet. 2018

20

Placental Weight, Fetal Size and 
Fetal Size to Placenta Weight Ratio

• Linear regression 
demonstrates that 
regardless of gestational 
age, the placenta weight, 
fetal weight and fetal size 
to placenta weight do not 
vary by mode of 
conception.

Sundheimer, et al. J Assist Reprod Genet. 2018

21
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Placentation

Abnormal placentation is associated with adverse pregnancy 
outcomes - preeclampsia, PIH, gestational diabetes, previa, 
abruption, placental retention

Pregnancies conceived with infertility and treatments are at risk of:

abnormal placentation

abnormal placental morphology and cord insertion

abnormal protein profiles

increased metabolism and clearance of steroids by the placenta

Small for gestational age babies

Gavriil P, et al 1993 Pediatr Pathol 13:453-462
Zhang Y, et al 2008 Proteomics 8:4344-4356
Collier AC, et al 2009 J Steroid Biochem Mol Biol 116:21-28
Delle Piane L,et al 2008 Reproductive Sciences 15:81A-81A

22

23

Placentation

Vento-Tormo et al (2019), Nature

The placenta is made up of 
important cell types

Villous cytotrophoblasts (VCT): 
undifferentiated precursor cells

Extravillous trophoblasts (EVT): 
Invade decidua and maternal blood 
vessels
Syncitiotrophoblasts (SCT): 
Facilitate nutrient exchange and 
produce hormones

Endothelial cells: Line fetal blood 
vessels

Immune cells: stromal fibroblasts 
(F), dendritic cells, macrophages or 
Hofbauer cells (HB)

23

Model of Placentation

• 1st trimester placenta tissue

Chorionic villus sampling

Prenatal diagnostic test at 11-13 weeks

Ongoing pregnancies that deliver at term
Chorionic 

villi

24
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Cells from early 
placentation 

Are the outcomes associated with ART due to the in 
vitro fertilization process, the treatments or the 
inherent infertility we are trying to overcome? 

Cells from delivery 
Uterine 

environment Outcomes 

Earliest time point 
in ongoing 
pregnancy 

25

Cytogenetic Abnormalities assessed by CVS 
in Spontaneous vs. Infertile Patients

Conway Fertil Steril  2011 Feb;95(2):503-6

• 1,606 women conceived spontaneously 
• 559 women conceived through infertility treatment

• 233 conceived in vivo
• 326 conceived in vitro

26

• a cohort of pregnancies conceived either 
spontaneously or in couples with infertility conceived 
either through non-IVF fertility treatment (NIFT) or 
IVF, that are enrolled in the late first trimester of 
pregnancy at the time of Chorionic Villus Sampling 
(CVS) and followed until delivery

o 208 spontaneous conceptions 
o 201 pregnancies conceived with a history of 

Infertility
• 90 conceived with NIFT
• 111 conceived with IVF

Spontaneous/ Medical Assisted/ART (SMAART) 
Cohort 

Sun, et al. JCEM. 2018

27
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SMAART Cohort

Implantation

Placentation

Outcomes

Gene 
Expression

28

SMAART Transcriptome cohort

Calcium voltage-gated channel subunit alpha1 

Lee et al, Fertil and Steril 2018

Calcium voltage-gated channel subunit alpha1 

29

SMAART Transcriptome cohort

Solute carrier 
family 18 member 
A2

Progestagen 
associated 
endometrial 
protein

C-C motif 
chemokine 
ligand 21

FXYD domain 
containing ion 
transport 
regulator 2

Delta/notch 
like EGF 
repeat 
containing

Lee et al, Fertil and Steril 2018

30



2/20/24

11

SMAART Cohort

Implantation

Placentation

Outcomes

Gene 
Expression

Epigenetics

31

Global methylation alterations due to infertility and  
treatments

• Principle Component analysis does not demonstrate clustering

Gonzalez, et al. Fertil Steril 2023
Xu  et al, Repro Sciences 2016 

32

33Gonzalez, et al. Fertil Steril 2023
Xu  et al, Repro Sciences 2016 

• Median β values were significantly 
lower in the infertility cohort 
compared to the spontaneous 
cohort.

• Median β values were lower in the 
NIFT and IVF cohort compared to 
spontaneous cohort, but overall 
there was no significant difference 
among the groups. 

• Infertility may be associated with 
global hypomethylation and not the 
specific treatment.

Global methylation 
alterations due to infertility 
and treatments

P = 0.04926

P = NS

33
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Global Differential Methylation due to 
infertility and treatments

• Clustering is 
identified between 
the infertility and 
spontaneous 
cohort. 

• Within the 
infertility cohort, 
there is no 
clustering of NIFT 
or IVF cohorts, 
suggesting 
diversity among 
the infertility 
group, 
independent of 
treatment utilized. 

Gonzalez, et al. Fertil Steril 2023

Spontaneous

Infertility

34

Chromosomal Distribution of Differentially Methylated Probes 
due to infertility and treatments 

Gonzalez, et al Fertil Steril 2023
35

Spontaneous vs. Infertility =  185 probes (0.025%)

Spontaneous vs. NIFT = 28 probes

Spontaneous vs. IVF = 195 probes

NIFT vs. IVF = 13 probes (0.0018%)

0.05

0.05

0.05

0.05

35

Differential methylation and gene 
expression in infertility and treatments

Gonzalez, et al Fertil Steril 2023 36

15

18

2

Differentially methylated probes 
and associated DEGs:

• Spontaneous vs. Infertility =15
• NIFT vs. Spontaneous = 2
• IVF vs. Spontaneous = 18 
• NIFT vs. IVF = 0

36
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Methylation Changes Across the Lifespan
 A Systematic Review

\Schaub A, et al Fertil Steril 2023 37

37

Interpreting Data in a 
Larger Context: 
Systematic Review 

Schaub, et al. Fertil Steril 2023 38

38

SMAART Cohort

Implantation

Placentation

Outcomes

Genetics

Gene 
Expression

Epigenetics

39
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Single nucleotide variants (SNVs) that 
associate with infertility – Family associated 
GWAS

Unpublished Data

• Of the 637,072 SNVs that 
passed quality control 
measures – 11 SNVs were 
identified with sub-genome-
wide significance (p < 1x10-5), 
representing 5 loci

SNP Chr Pos
Minor_

allele
Major_
allele

affect_
allele

affect_allele
_freq N beta se P value

rs966123 18 72,538,424 A G A 0.1593 219 1.883939 0.359954 1.66E-07
rs7227977 18 72,447,422 C T C 0.1429 218 1.7946 0.356161 4.69E-07
rs9959617 18 72,441,802 A C A 0.1416 219 1.768401 0.35615 6.86E-07
rs547335 18 72,452,702 C T C 0.1416 219 1.715122 0.345868 7.09E-07
rs9842612 3 191,465,461 A G A 0.1814 219 1.476744 0.305645 1.35E-06
rs1516493 3 191,465,981 G A G 0.183 218 1.353167 0.296467 5.01E-06
rs1560594 2 166,699,798 A G A 0.2098 218 1.371854 0.289643 2.18E-06
rs10930182 2 166,688,188 T C T 0.1947 219 1.280279 0.284719 6.90E-06
rs2060167 2 166,689,342 T C T 0.2009 218 1.270278 0.284705 8.13E-06
rs10937641 4 5,384,256 G A G 0.2212 219 1.329634 0.29133 5.02E-06
rs12461639 19 48,172,671 G A G 0.2345 219 -1.21693 0.270402 6.78E-06

• At chromosome 2, risk 
SNVs were associated with 
variations in gene 
expression. For the index 
risk SNV rs1560594, 
p=2.18 x 10-6, eQTL plots 
demonstrate associations 
for the noncoding transcript 
AC009495.2, GALNT3  and 
TTC21B in whole blood 
and adipose. 

• None of the SNVs met the 
genome-wide significance 
p-value threshold of 5x10−8 

40

SMAART Cohort

Implantation

Placentation

Outcomes

Genetics

Gene 
Expression

Epigenetics Environment

Fertility 
Treatment

IVF Non-IVF (NIFT)

Estradiol

Progesterone

41

Supraphysiologic Hormones

• Supraphysiologic hormone levels have been 
implicated in increased rates of low birth weight and 
small for gestational age babies.

• Since pregnancies conceived through fertility 
treatments are exposed to elevated estradiol and 
progesterone levels, either endogenously through 
treatments or exogenously to supplement the 
pregnancy, we wanted to determine whether previous 
treatments impact the hormonal milieu of an ongoing 
pregnancy. 

42
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The Supraphysiologic Hormonal Milieu

Sun, et al. JCEM. 2018

43

Infertility vs. Spontaneous
Fold Enrichment

Fatty Acid Metabolism 
(Acyl Choline)

Progestin Steroids

Xanthine Metabolism

Xanthine Metabolism

Diacylglycerol

Phosphatidylethanolamine (PE)

Phosphatidylinositol (PI)

Progestin Steroids

Fatty Acid Metabolism (Acyl Choline)

IVF vs. Spontaneous
Fold Enrichment

0           1           2           3           4           5           6           7           8           9           10   11         

0            1             2              3            4              5            6             7             8             9  10    

a.

b.

Fold change
1 10

Fold change
1 10

Differences in metabolomic profiles in late first trimester

Pathway enrichment analysis

Sun, et al. JCEM. 2018

44

Model of steroid hormones and metabolites 
within the maternal-placental-fetal unit

Sun, et al. JCEM. 2018

45
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First Trimester Chorionic Villi- Single 
Cell Sequencing 

Trophoblast Cells
Stromal Cells
Macrophages
Dendritic Cells
Endothelial Cells

P1
P2
P3
P4
P5

P3 
(macrophages) Molecule Type p-value Targets

CSF2 Cytokine 5.32E-20 35
TNF Cytokine 6.32E-20 66

leukotriene D4 Chemical - endogenous 3.48E-19 16
IL13 Cytokine 1.59E-15 28
IFNG Cytokine 6.54E-15 50

beta-estradiol Chemical – endogenous 2.19E-14 60
IL1B Cytokine 5.7E-14 39
CSF1 Cytokine 3.34E-12 18
IL4 Cytokine 3.63E-12 36
IL2 Cytokine 8.48E-11 27

P4 (Dendritic-
like) Molecule Type p-value Targets
IFNG Cytokine 4.82E-27 48

TGFB1 Growth factor 4.45E-20 46
TNF Cytokine 1.91E-18 44
IL13 Cytokine 1.61E-17 23
IL27 Cytokine 6.75E-17 16
IL4 Cytokine 4.2E-16 30

CIITA Transcription regulator 5.3E-15 10
IL1B Cytokine 5.48E-15 29
CSF3 Cytokine 3.81E-14 15

beta-estradiol Chemical - endogenous 5.37E-14 40
P5 (Endothelial) Molecule Type p-value Targets

KLF2 Transcription regulator 4.38E-10 10
TNF Cytokine 8.04E-09 25

TGFB1 Growth factor 8.61E-09 25
CAV1 Transmembrane receptor 7.25E-08 8
ENG Transmembrane receptor 4.63E-07 5

ESR1
Ligand-dependent nuclear 

receptor 2.27E-06 18
SRC Kinase 5.46E-06 6

TCF7L2 Transcription regulator 5.68E-06 9
ERBB2 Kinase 6.54E-06 13

miR-199a-5p Mature microRNA 7.77E-06 5

P1 
(Trophoblast) Molecule Type p-value Targets

BMP4 Growth factor 3.9E-21 26
beta-estradiol Chemical – endogenous 9.34E-15 60

PGR
Ligand-dependent nuclear 

receptor 2.35E-13 22
ERBB2 Kinase 3.81E-12 33

ESR1
Ligand-dependent nuclear 

receptor 5.54E-12 44
TGFB1 Growth factor 9.98E-10 48
HRAS Enzyme 1.98E-09 26
PTEN Phosphatase 5.12E-09 22
TP53 Transcription regulator 9.39E-09 43
TNF Cytokine 2.39E-08 45

P2 (Stromal) Molecule Type p-value Targets
TGFB1 Growth factor 3.26E-29 98

beta-estradiol Chemical – endogenous 5.06E-27 99
FGF2 Growth factor 8.5E-24 42

CTNNB1 Transcription regulator 1.52E-23 58
WNT3A Cytokine 1.53E-21 34

AHR
Ligand-dependent nuclear 

receptor 5.98E-20 37
TGFB2 Growth factor 9.85E-19 22
TGFB3 Growth factor 2.83E-18 22
TWIST1 Transcription regulator 2.97E-18 25
HRAS Enzyme 8.9E-18 45

Sun, Gonzalez, Deng, Pisarska et al. 
https://www.biorxiv.org/content/10.1101/641118v1
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Upstream Analysis of Differentially Methylated 
Genes

Lee B. and Kroener L, et al. BOR 2016

•Directs trophectoderm 
differentiation in the blastocyst
•Regulates trophoblast 
function important for:
•Placental vascularization
•Syncytiotrophoblast formation
•Reduced GATA3 expression 
in mice shows decreased 
embryo hatching and 
implantation

47

Estradiol downregulates GATA3 and 
downregulation of GATA3 inhibits 
migration and invasion

Lee B. and Kroener L, et al. BOR 2016
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SMAART Cohort

Implantation

Placentation

Outcomes

Genetics

Infertility 
Diagnosis

Gene 
Expression

Epigenetics Environment

Fertility 
Treatment

IVF Non-IVF (NIFT)

Estradiol

Progesterone

49

Impact of infertility on placentation through a multi-
omics analysis 

50

Data Features
Phenotypes 7 traits
Genomics - OmniExpressExome Chip 688,534 SNVs
Methylomics - methylation EPIC Array (Illumina) 865,855 sites

Transcriptomics -Total RNA sequencing 61,801 genes

Metabolomics of mother’s serum (Metabolon) 704 metabolites

Regularized 
Canonical 
Correlation Analysis 
- Provides 
correlation across a 
large data 
landscape using 
small sample sizes 

Metabolites

Proteins
mRNA

Methylation

SNVs

Phenotypes

50

Genetic/epigenetic impact of infertility on placentation through 
a multi-omics analysis

• Component 3 contains the association of infertility with the rest of the data landscape
• Effect of sex, maternal age, race, and CVS age are separated from the effect of infertility

• 296 Features Identified in Component 3

• Genomics: 40 Features (SNVs)
• Methylomics: 40 Features (methylated regions)
• Metabolomics: 8 Features (metabolites)
• Transcriptomics: 209 Features (transcripts)

• Central Theme – Mitochondrial Regulation 

• Mitochondrial Regulatory Genes
• ARAF
• MYOF
• PRKCZ
• DNAJC1
• MTFR1

• Mitochondrial small RNAs
• Nuclear encoded
• Regulators of mitochondrial transcription

• MTATP6P9,23,31
• MTCO2P7; MTCYBP42
• MTND1P2,20,28,31
• MTND2P15,20
• MTND4P1,4,8

51
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Conclusions

• Infertility and/or the treatments are associated with some 
increased risks of adverse outcomes to mother and child 
including: 
◦Mother -diabetes, pregnancy induced hypertension, 
placenta previa and abruption as well as SMM
◦Child- prematurity, growth restriction, and birth defects

• RISKS ARE SMALL 
• Risks are independent of treatment utilized
• Outcomes are related to placentation

52

Conclusions

• Genetics of infertility appears to be a major contributor 
that may alter methylation and gene expression 

• Supraphysiologic hormonal states may be a contributor
◦Altered methylation
◦Reprogramming the placenta to maintain a high 
hormonal state 
◦ Impacting trophoblast invasion and migration

• Multi-omics suggest genetics/epigenetics are impacting 
mitochondrial genes in the first trimester placenta

53

Future Directions-
Infertility Etiology

Pisarska et al JCEM 2019

54



2/20/24

19

Acknowledgements
• Pisarska Lab
◦ Tania Gonzalez, PhD
◦ Amy Flowers, PhD
◦ Bora Lee, PhD
◦ Tian Sun, PhD
◦ Nick Joshi, MD
◦ Lauren Sundheimer, MD
◦ Laura Eisman, MD
◦ Sahar Wertheimer, MD

• Prenatal Biorepository
◦ Allynson Novoa
◦ Akhila Swarma

• Faculty
◦ Erica Wang, MD MAS
◦ Jessica Chan, MD MSCE

• REI Fellows
◦ Bryn Willson, MD
◦ Katherine VanHise, MD
◦ Aly Kosturakis, MD

• CFRM Staff

• Maternal Fetal Medicine Division
◦ John Williams III MD

• Division of Functional Genomics
◦ Kate Lawrenson, PhD

• Pediatrics
◦ Charles Simmons, MD

• University of Virginia
◦ Charles Farber, PhD
◦ Steve Rich PhD
◦ Stephen Turner PhD
◦ Alex Koeppel PhD

• Division of Endocrinology
◦ Mark Goodarzi, MD PhD

• Lundquist Institute 
◦ Jerome Rotter, MD
◦ Ida Chen, PhD
◦ Kent Taylor, PhD

• KUMC
◦ Michael Soares, PhD 
◦ Kaela Varberg, PhD

• UCLA
◦ Hsian-Rong Tseng, PhD 
Funding:
R01HD074368, R01HD091773 (NICHD) 
U01EB02642 (NIBIB/NICHD )
  

Our patients for participating 
in our studies to improve 
outcomes!

PI: 
Margareta 

Pisarska, MD

55


