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OUTLINE

• Etiologies of azoospermia

• Overview of spermatogenesis 

complexity

• Genomic tools

• Current efforts

• Sperm epigenetics



Semen analysis from 
2280 Andrology 
patients at University 
of Utah 

Normospermic

Spermatogenic
Impairment

Oligozoospermia (<15M/ml; 15% 
prevalence)

Azoospermia (2% prevalence)

MALE INFERTILITY IS COMMON



GENETIC CAUSES OF AZOOSPERMIA

~10-15% of NOA

21            22        Y deleted/
Y normal

~10-15% of NOA



RARE GENETIC CAUSES OF NOA 

(CUMULATIVELY <5% OF CASES)

• Kallmann Syndrome- few mutations 

identified

• Robertsonian translocations

• XX males

• Point mutations/CNVs

– USP26, SOX3, TEX11, TEX14, MEIOB, DNAH6, 

DAZL, DAX-1, DMRT1 etc. 



ETIOLOGIES OF MALE INFERTILITY
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EFFORTS TO CHARACTERIZE THE GENETICS 

OF MALE INFERTILITY

Development/Differen a on	
SRY 	INSL3				DICER1 		DROSHA			SOX5		 		

SOX9 	LGR8 	PEX10 	SEPT12		 		

CFTR 	cKIT 		BMP4	 	BMP8 		 																														

	 	 	 		

	

	

Endocrinopathies	
GNRH 	KAL 	FSHB	

AR 	FSH 	INSR	

LH 	SRD5 	CAG	

LHR 	FSHR 	GGN	

LIPE 	SBF1	

ESR2 	IL1RN	

Meio c/Cell	Cycle	
SPO11 	DMC1				SCP3 		

MSH4					MLH1 	SYCP3						

BRCA2 	ERCC1	 	FUS		

FKBP6 	LIMK2	 	MLH1	

MEI1 	MLH3	 	TP53	

MSH5 	REC8 	MDM2	

UBE2B 	HORMAD1				XRCC1	

	

	

Sperm	Func on							
PRM1 	CSNK2A2		PICK1			DPY19L2	

PRM2 	APOB 	AKAP4			LOC203413	

TNP1 	ADAM2,3			CATSPER1-4 		

SPERM1			ROS 	PLA2G6 	SEMG1	

AHR 	ARNT 	PATZ1		

AHRR 	ART3 	EPPIN	

Spermatogenesis		
CREM 		ACT	(FHL5)			CLOCK	

DAZL 		ODC 	H2BFWT	

UBE2B 		OAZ3 	DNMT3L	

RBM 		BAX 	BRDT	

ACE 		GOPC 	NANOS1	

LIMK2 		LMTK2 	USP26	

YBX2 		NANOS3			TSPY	

PARP2 		PRDM9		SOHLH1	

CSNK2A2			DDX25				JMJD1A	

H1FNT 		TAF7L				TEX15	

TBPL1 		TNP2 	GRTH	

FASLG 		FAS 	CFTR	

MTRR 		YSSK4 		PYGO2	

IL1B 		MTHFR 		HSF2	

TSSK2,4,6	UTP14		UBR2	

TNF 		BCL2L2 	TAS2R38	

HMGB2 		PPP1CC		OR2W3	

STYX 		PACRG 		KLK2 		

XPC 	PGAM4 		ETV5			PMS2	

	

	

	

2013	

Gene	Re-sequencing	

Metabolism/	
An oxidant	
GSTM1			GSTT1 		HMOX1	

CYP1B1			EPHX2 		CHDH	

SOD2						NOS 		PON1	
	



SNP GENOME-WIDE ASSOCIATION STUDIES



CNV STUDIES



COMPLEXITY OF SPERMATOGENESIS

Rakesh Sharma and Ashok Agarwal, Sperm Chromatin: Biological and Clinical Applications in Male 

Infertility and Assisted Reproduction, 2011



84% OF ALL GENES ARE EXPRESSED 

IN THE TESTIS

Daniel Ramsköld et al. PLOS Computational Biology, December 11, 2009



82% OF ALL PROTEINS ARE EXPRESSED 

IN THE TESTIS

Human Protein Atlas 
http://www.proteinatlas.org/humanproteome/testis



CHALLENGES

• Multitude of potential loci

• Genetically/phenotypically 

heterogeneous disease

• Limited sample sets

• Challenges of functional validation



SOLUTIONS

• Collaboration

• Whole genome approaches capable 

of detecting rare genomic variants

• Development of custom analytical tools 

• Application of powerful tools for in vitro 

and in vivo validation 



COLLABORATION:



INCREASING ACCESSIBILITY TO LARGE-

SCALE SEQUENCING:



GEMINI’S APPROACH

• Exome sequencing of 1000 NOA cases

• Identify likely variants

• Functional validation in cell lines, animal 

models, etc.



APPROACHES TO MAPPING DISEASE 

VARIANTS

LINKAGE
ANALYSIS

Vs.

ASSOCIATION
ANALYSIS

Vs.

N=1 
ANALYSIS



• What is the probability that a given 

genetic variant identified in an infertile 

man will be found in a healthy, fertile 

population?

• Analysis is conditional on the functional 

effects of the genotypes.

• PSAP=population sampling

probability

N=1 ANALYSIS:

Amy Wilfert
Wilfert, et al. Nature Genetics, 2016



VARIANT ANNOTATION

CADD (Kircher, et al. 2014 Nature 
Genetics)

Identifying  variants that are damaging to gene function



SIGNIFICANCE TESTING



THE MOTIVATING CASE: 

30 YR OLD NOA MAN WITH UPD2

Wilfert, et al. Nature Genetics, 2016



GENETICS RESULTS: HUMAN KNOCKOUTS 
IN GEMINI

• “Loss-of-function” mutations can be easily recognized 

(e.g. stop gains, splice mutations)

• Provide a clear expectation of functional impact

• Can be used to infer biological function, and drug 

targets

• 3,436 knockout genes reported to date (ExAC, 

deCODE, East London Genes project and HGMD)



GEMINI SAMPLES

Sample collection ongoing

3650 men recruited (Nov 
2017)

• 1642 cases

• 2008 controls

Center Cases Controls
PRT 296 78
AUS 11 0
DEN 91 0
WashU 24 6
Total 422 84

Portugal

Phase I sequencing

Total, 890 samples:

506 analyzed

384 in analysis 

Denmark

Australia

WashU



OTHER KNOCKOUT NOA CASES

AXDND1 Highest in testis, Nothing known
MAGEB4 Highest in testis, published stoploss in Turkish 
azoospermia brothers
PNLDC1 Highest in testis, Processing of piRNAs
SPIDR DNA double strand break repair
ZNF512B MicroRNA regulation?

10 KO genes - novel candidates in testis 
biology/infertility

1. Function mostly unknown

2. No knockouts observed previously for 5 genes 
(Not in all known 3436 knockout genes)



VALIDATION:



WHY VALIDATE?

Based on current GEMINI analysis

• Rare likely disease-causing mutations in 236 genes

• 92% of genes are case-specific

Unlikely to find multiple carriers of mutations in 
these genes

• Validation screening of top genes in model organisms  



FUNCTIONAL VALIDATION OF TOP GENES

Screening via testis-specific RNAi (Conrad lab, WashU)

KO/CRISPR of 2 novel testis genes

GEMINI collaborator Moira O’Brian (Monash 
University, Australia)

Drosophila 

Mouse 

ChlamydomonasPotential ciliary gene CCDC112 (Susan Dutcher; WashU)

C. elegans DNA double-strand break repair gene RAD50 (Tim Schedl; WashU)



ZEBRAFISH AS A MODEL FOR NOA



SPERM EPIGENETICS

• Associations with male infertility

• What impacts sperm epigenetics?

– Age

– Smoking

• Effects on offspring?



SPERM PROTAMINATION AND EPIGENETICS



THE “POISED FOR EMBRYOGENESIS” SPERM 

EPIGENOME

• Most of the sperm genome (>90%) is silenced by 

protamine replacement of histones.

• Key embryogenesis genes are not protaminated, 

and are epigenetically “poised” for rapid 

activation in embryogenesis.

• These marks are largely set in the spermatogonial

stem cells.

• This unique poising is conserved in nature (likely 

means its very important).

• The pattern suggests a role of sperm contributing to 

embryogenesis. From Hammoud et al., 2009; 
Carrell et al., 2013



FREQUENCY OF ABNORMAL METHYLATION IN PATIENTS WITH 

POOR IVF EMBRYOGENESIS HISTORY

– Association testing across all loci:

– 6.7% of loci were abnormally methylated (Bonferroni p < 0.01)

– Imprinted loci:

– 43.6% of DMR CpGs were abnormally methylated

Aston et al. Fertility & Sterility 97, 285-292 (2012)



INITIAL STUDIES



From: Alterations in the sperm histone-retained epigenome are associated with unexplained male factor 

infertility and poor blastocyst development in donor oocyte IVF cycles
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SUPPORTING STUDIES



SUPPORTING STUDIES

Conclusions:
2 commercial assays
Growing rapidly
Expensive ($450 US)
Good Predictive Power
Likely to become 
standard



=
WOMEN AND MEN ARE 

EQUALLY AFFECTED

1 IN 10 COUPLES 

ARE INFERTILE1

THE SEMEN 

ANALYSIS 

(STANDARD OF 

CARE) PREDICTS 

MALE INFERTILITY 

VERY POORLY
50% 

of IVF treatment 

cycles fail, even 

when using IVF-

ICSI4

22%
of infertility is of 

unknown cause 

(unexplained 

infertility)3

15%
the sensitivity of 

the semen analysis 

for predicting 

infertility2

Male infertility

INFERTILITY

40

…

IUI IVF

GOOD POORMODERAT

E

EMBRYO VIABILITY / QUALITY



84.3% 92.1%

SENSITIVITY
Percentage of 

suspected infertile 

men classified as 

infertile

14.8%
SPECIFICITY

Percentage of known 

fertile men identified 

as fertile

96.1%Semen Analysis
(based on concentration threshold 

of 13.5 X 106 / ml, the best 

performing parameter threshold in 

this study2.)

DNA Methylation Profile 

for Fertility

Summary

41

SUMMARY

DNA Methylation Profile 

for embryo quality
50.0% 94.0%

Affected genes show function in sperm adhesion, chemotaxis and 

acrosome reaction. Functional defects likely to be missed by 

traditional semen analysis. Provides information to guide treatment.



HERITABILITY OF ENVIRONMENTAL 

EXPOSURES

• Overkalix Sweden Study: Grandsons of pre-pubertal 
boys exposed to famine periods lived longer than those 
exposed to feast periods. When controlled for 
socioeconomic factors, difference was 32 years.

• ALSPAC Study (England): Smoking during prepubertal
period resulted in increased risk of obesity in offspring.

• Dutch Famine effects on pregnant mothers in early 
pregnancy resulted in lower methylation of IGF gene in 
offspring 60 years later.

• Agouti Mouse Study: Pregnant agouti mice fed vitamin 
B.

• Fruitfly exposure to geldanamycin causes bristly growths 
on eyes of offspring for many generations.



SPERM EPIGENETICS AND 

ENVIRONMENT



RISK FACTORS:

• Biological Factors
– Aging

– Obesity

– Diet

– Cancer

• Environmental Exposures
– Smoking

– Alcohol

– Cancer Therapies

– Medications

– Air Pollution

– Socio-economic stress

– Toxic waste exposure



RISING AGE OF FATHERS AND 

INCREASED INCIDENCE OF 

NEUROPSYCHIATRIC DISORDERS

Schizophrenia Autism Social Behaviors

Miller et al., 2011 Gardener et al., 2009

Smith et al., 2009



LOCI AFFECTED BY ADVANCING 

MALE AGE

• Hypermethylation

• 8 windows

• Hypomethylation

• 139 windows

Jenkins et al., 2014



GENES/DISEASES ASSOCIATED WITH ALTERED 

METHYLATION DURING MALE AGING

• All diseases that are associated with at least 3 of the genes altered 

with age were included in our frequency analysis 

p < 0.001 

p < 0.005 

Jenkins et al., 2014



CONFIRMATION OF FINDINGS

• Targeted 
sequencing 
confirmed 
findings

Sequencing and array agree

• Independent 
cohort 
confirmed 
paired data

<25 (n=47) vs. >45 (n=19)

• Magnitude of 
change 
supports 
conclusions

-Δ between age is 2.3 times greater in 
independent cohort than in fertile controls.



AGING CALCULATOR? 
BUILDING A MODEL

• Technical details:
– Training a predictive model with 147 regions of interest 

on a dataset with 329 samples from 450k array data:

– Utilizing a linear regression machine learning platform 
• R application – glmnet

• Lasso and Elastic Net regularization

– 10-fold cross validation

Sample set Test (10%)Training (90%)

X 10

Jenkins et al., 2018



FINAL MODEL

• Includes only the heaviest weighted 

51 regions and corrects for array 

batch.
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r2 = 0.8809

Avg % accuracy = 93.7%

Jenkins et al., 2018



IS THERE A POTENTIAL UTILITY?
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Smokers

Heavy Smokers

-Could be used in the future 
to predict risk to offspring

A bit far off – much 
work still required

-Potential use to track 
interventions which may 
affect germ lineage in 
patients with accelerated 
aging patterns

-Potentially a more 
powerful motivator
-Improved compliance?



SPERM DNA METHYLATION DIFFERENCES 

ASSOCIATED WITH CIGARETTE SMOKING

• Methylation arrays on 78 men who 

smoke vs 78 never smokers



MOUSE STUDIES
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Sperm collected 3 days after smoke exposure Sperm collected 50 days after smoke exposure 

Smoking causes changes in DNAme in mouse sperm

Changes in DNAme is more dramatic in recently smoke exposed animals.

8136 decreasing and 420 increasing = 8556 DMRs (>25,000 CpGs)

DMRs = greater than 10% absolute change in DNAme and more than 3 biological 
replicates



# OF DMRS BY GROUP

0

2000

4000

6000

8000

10000

12000

NRF delayed sac WT delayed sac WT fresh sac

# DMRs

# DMRs

0

100

200

300

400

500

600

700

NRF delayed sac WT delayed sac WT fresh sac

# E-DMRs

# E-DMRs

• Extreme DMRs as those with greater then 20% absolute change in DNAme



Changes in DNAme do not persist in F1 sperm samples.



Follow up recovery experiments…

0 10 20 30  40 50          (days)

Samples collected at various times post exposure: 
1. 3 days
2. 28 days (0.8 cycles)
3. 50 days (1.4 cycles)
4. 100 days (3 cycles)
5. 170 days (5 cycles)
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University of Utah, Salt Lake City, UT, USA


