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Omics Acquisition in Space IS Now a Reality

This is truly an exciting time for cellular and molecular biology, omics
Qe research on ISS with these amazing additions to the

Sample Preparation ~ Oxford Nanopore MinlON
Module Gene Sequencer

Reaction tube
containing

lyophilized
chemical assay
Cepheid Smart Cycler Sl
gRT-PCR (proprietary) Mini-PCR



New technologies to
produce high-quality
Omics data from research
missions aboard the ISS

Limited access and high
demand for the ISS
platform

Facilitate systems biology = - R

i it NASA astronaut Barry "Butch" Wilmore setting
to predict and/or mitigate up the Rodent Reseach-1 hardware in the
changes due to Microgravity Science Glovebox aboard the
microgravity International Space Station.



Three-tier Client Strategy to

Democratize Data
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Community

GenelLab Analysis Working Groups (AWG) will be tasked with analyzing all data across the
GLDS with relevance to a specific domain to generate higher-order data.

Goals:
1. Peer-reviewed publications describing AWG’s comprehensive analysis.
2. Consensus data analysis pipelines relevant to AWG domains to be used on the GLDS will help
domains harmonize their analyses.
a) Summer interns will process all data based on AWG recommendation
b) Processed “higher-order” data relevant to domains will be posted on the GLDS.
c) Strategies needed to link metadata to processed data will be put in place for the visualization portal deployment

3. Feedback for the GLDS to be used for improving its utility; test driving passed along to scientific
community via the AWG

a) Access to galaxy toolshed and Jupyterlab GenePattern notebook within GeneLab provided with CPU and RAM
AWS resources

b) Integration of GenomeSpace workspace with processing tools
c) GLDS 2.0 search query needs to be improved — What should we do different?

AWGs emphasis:

1. Animal Group
a) Mammals
b) Non-mammals

2. Plants
3. Microbes
4. Multi-omics/Systems Biology
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GLDS Phase 2 (Release 2.0)

Google-like Search, Federated

Search

Data federation/integration with heterogeneous bioinformatics external databases
(GEO, PRIDE, MG-RAST)

Federated Search

Home Repository Data Data Mining Tools SubmitData Help Workspa
GenelLab
Open 5Science for Exploratior

mouse myostatin Q

Search Filters for GenelLab

[F] Al [7] GeneLab [#] NIHGEO [ EBIFRIDE [F] ANL MG-RAST

mouse myostatin using fiter(s)

Sort by Relevance El 25 El

Myostatin inactivation effects

Home Repository Data DataMining Tools SubmitData Help Workspace

Key words: dystrophin, mdx mouse, Duchenne, fibrosis, dystrophy ABSTRACT Stim)|

(MDSC) into myogenic, as opposed to lipefibrogenic, lineages is a promising therapes
% counteracting myostatin, a negative regulator of muscle mass and a pro-lipofibrotic f mouse X Q
fibregenic capacity of MDSC from wild...

Mus museulus GsEassEe Robert Gelfand All @ GeneLlab ~— NIHGEO ~— EBIPRIDE =~ ANL MG-RAST

The trans

re of myostatin inhibitory influence on the differenti

acc.c

Search Filters (GeneLab Only)

GDF8 (myostatin) is a unigue cytokine strongly affecting the skeletal muscle phenoty]| .
molecular mechanism of myostatin infusnce on the differentiation of mouse C2c12n]  Project Type Factors ~/ Organisms Assay Type W/ Clear
(m technique. Treatment with exogenous GDFE strongly affected the growth and devel

proliferation and differentiatio.

Mus musculus GSES9ET4 Zofia Wicik Ground @ Age Mus musculus deletion pool profiling
Spaceflight - moL  Anatomical Stru Mycobacterium mai DNA methylation profiling ictor Name = Age' OR 'Study Factor Name = cage')
Development of gene expression signature for defining the cell potency of my i = - .
P g P 9 9 P ’ A | viganiSm Antibiotic conce ) ) environmental gene survey
genotypes - Oryzias latipes tal Search Rest ind: 3
hitr nebi.nim.nin.go rt by Relevance . i
) o ) by Atmospheric Pre . genome sequencing
In order to determine the cell potency, by identification of genes responsible for pluri| Pantoea conspicua (D
isolated from five week old male wild type(WT), C5TBIG] and another hypertrophied . e >
%o microarray analysis and compared this gene expression to that of a standard mouse] Bed Rest Pseudomonas aeru metabolite pl'leIlll'lg
and Mstn null mice using an esta . . . .
Wus musculus GSE39765 Bipssha Bose Age and Space Irrz Bleomycin Treal Rattus norvegicus protein expression profiling sinogenesis Risk
https://genelab-app-1-stig caqe Rhodospirillum rubr RNA methylation profiling

Rodent Research-3-CASIS: Mouse liver transcriptomic proteomic and epigen Age pla CANONT-Part ¢ - fli nedeling the carcinogenesis process or estimating cancer risks.

t gen 137 Epidemi -Fa Saccharomyces cel ranscription profiling :nce increases with age. This effect is commonly attributed to a lifetime
The Rodent Research-3 (RR-3) mission was designed to study the effectiveness of accumul — call culture g middie-age e incidence begins to decelerate and for many tumor sites it actually
occurs during spaceflight. Myostatin is a protein secreted by myobilasts that inhibits decreas Staphylococcus

a block myostatin cause increases in muscle mass. The RR-3 experiment was sponso) L
Advancement of Science in Space and ass. Organisy  Clinical reatmen o, 0 ption prefiing  Accession: GLDS-88  PliContact: Christine Afshin Edward L...
Mus musculus Microaravity Treatment transcriotion orofilina o.... GLDS-137
« m ,
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GLDS Phase 2(Release 2.0)
Customized NASA Collaborative NASA

Workspace

User Account Mgmt., Access Controls (e.g., Private, Shared, Public Folders)
|@’ GeneLab |
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[ Cancel ]
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Metadata Curation via

ISACreator Tool

GenelLab-GenomeSpace Integration with ISACreator for Streamlining Data
Processing Operations
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FINDABILITY,

Integrated
Credentialing

Metadata
Normalization

Global unique Inferring
persistent identifier Data

Rich metadata Relationships
Registered or

INTEROPERABILITY

Accessible, shared, and
broadly applicable
language for knowledge
representation

e (meta)data include

indexed in a Data qualified references to
searchable resource Federation other (meta)data

Standardized
communications protocol
Metadata are accessible,
even when the data are no
longer available

Data Processed efﬁc():?é-m
Identification Data il
Schemes Metadata e

Schemas Acquisition

meta(data) are richly described
with a plurality of accurate and
relevant attributes

REUSABILITY



HRP, GeneLab and OmiCS

OMICS

GENE
LAB

Tissua/Cell Lines

) sed genotyping
o b3 Lipids
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e
Transeriptomics

Gene-expression profiling | * DNA microarrays Protein Proteomic profiliag - * Mass spectrometiy
* Multiplex PCR !

. ' . Proteomics-| * Mass 3
MicroRNA-expression profiling | * DNA microarra, }‘ R

* Multiplex PCR

profiling | phosph
anti

DATA

REPOSITORY

ANALYSIS ;
TOOLS @)\

COLLABORATIVE oa
WORKSPACE

FEDERATED
DATABASE

The GenelLab database infrastructure provides a platform for storage, retrieval and analysis of
omics datasets — with the ultimately goal to support the missions of HRP




GLDS 4.0

Astronaut Data should be possible
for Higher Order Data
Providing minimum metadata

VISUALIZATION PORTAL

Higher Order High
(DGE) throughput
Lower Order Platform GENELAB

(Alignment) (AWG
pipelines)

Private

Private Raw

WORKSPACE \\

No Human Sequences
(i.e. no Astronauts)




Oct 1, 2019

N

Oct, 2018 GLDS 4.0 Release
GLDS 3.0 + ASGSR
April 2314, 2018 Nov 2018 April 2019
AWG workshop March Onward
2019 GenelLab
Oct 1, 2017 June 2018 Vlsuallzatlon Academy and
o GLDS 2.0 Release Summer interns Intern Network @
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Searchable Data® Data Exchange Tool Integration Maintenance
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O No. Studies

185 ¢ TB/study ; 8822
165 S0 | 0048
145 : 0.043
125 0.038
105 0.033
o 0.028
0.023
e 0.018
45 0.013
25 0.008
12/27/2014 1/31/2016  3/6/2017  4/10/2018

Data Growth Since 2014

10.63% .

I fish
B fruit flies
. [ human
\ M invertebrate
} [ microbes
(| M plant
[ lrodents
{

1.88%
5%

23.75%

5.63%

20.63%

Distribution by organism type

53.06%

f Ground
H Spaceflight

. “_"“——'__-_____
46.94%

Majority is spaceflight samples

H deletion pool profiling

I DNA methylation profiling
[0 environmental gene survey
I genome sequencing

[ metabolite profiling

B protein expression profiling
[ 1 RNA methylation profiling
I transcription profiling

72.53%

B microarray
Hl FhA-seq

23.31%

= 3.85%
2.2%

0,
275%  8.79% .

Distribution by assay type




radiation

Outer Belt
12,000 — 25,000 miles

GPS Satellites
12,500 miles

Geosynchronous Orbit [G.SO)
NASA's Solar
- Dynamics Observatory

Inner Belt 5 ( ) 22,000 miles
1,000 — 8,000 miles / .

Low-Earth Orbit (LEO)
International Space Station
230 miles

Van Allen Probe-A

Van Allén Probe-B

MILLIFEM 21/’2 Y'Eﬂrs,
CHEST X-RAY 8to 50
AVG, YEARLY RADON DOSE 200 2 "600 x-nays i
U.S. AvG. YEARLY DS 250 Americans on average absorb the
PET SCAN 1,000 radiation equivalent of at least 7
1 YEAR IN KERALA, INDHA 1,300 chest X-rays each year. ¥
.5 NUCLEAR WORKER '
LIMIT PER YEAR 5,000 Space missions, outside of Earth's
protective atmosphere and magnetic

APCHLLO 14 (9 DAYS) 1,140 field, expose astronauts 1o many HASA
SHUTTLE 41-C (18 DAYS) 5,600 times more.
SKYLAB 4 (B4 DAYS) 17,800
MARS MISSION TOTAL 130,000

TRIF TO AND FROM MARS (1 YEAR): 80,000 ON MARS (1.5 YEARS): FROM SOLAR

30,000 FLARE: 20,000

Soured: Brogckhaven Narorad Laboratory, ULS. Depatmant of Erdvgy






69 Ground Data Sets

Il Radiation only
I Vicrogravity Only
Il Radiation + Microgravity
. I Other 23 (33.33%) M Homo Sapiens
2 (2.9%) M Mus Musculus
i Rattus norvegicus
M Microbes
M Plant
26 (37.68%)
18 (26.09%)
Types of Ground Data 28 Ground Radiation Data Sets by Organism
25 . T ' . T T o ¥
Irradiation Ground Datasets On GeneLab  _
20 - lon
) LET range: : 5 Simm
s 0.1to 170 keV/pm : 3 S
g 10 —: E’ . Organism
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- o T
5 ; L] ® F EE:m
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Gamma Proton 8] C Si Fe Neutron Q Q =
.. . . . . distribution 1 2 3 45678910 20 30
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STS Samples: Radiation Dosimetry
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Building a database to support studies on

human health and countermeasures

Future analysis capabilities
1.Cohort comparison

. Display the expression of a gene query or its frequency of differential regulation
based on sex, species, tissue, or age

*Example: From a systems biology analysis, TGFB1 was found to be a master
regulator impacting spaceflight

A) Direct — . ’
CLnn actions PRKCQ B) Connections Between all Key Genes for all Datasets (Flight vs AEM):
for Key T Radial Plot with the most Connected Gene in the Middle
-~ i e ol g A -
Genes y / N ™~ ol o
for P £y x ..
Flight T AR SN ®he,
vs AEM | e - NN S PRKd .
\ e Ex -
-
o
&
= o
O GLDS-48: 155, Quad 3 ‘HE =] BF Soommeuses
() GLOS-£1: 1SS, Skin O 6LOS48: 185, Gastrocnemius (GST) () GLDS-111: BF, Soleus B
© GLOS-48: 158, Tiblalis Anterior (TR) (D) GLDS-48: 158, Adrenal Gland (ADR) () GLOS-48: 1SS, Kidney () GLDS48: 1SS, Soleus g
O GLDS-48: 158, Liver (D) GLDS-45: 155, Extensor Digitorum Longus (ROL) ) GLDS-111: BF, Extensor Digitorum Longus (EDL) 2
O GLDS-25: 5TS135, Liver () GLDS-21: STS108, Skeletal Muscle () GLDS-4: 5TS118, Thymus () GLDS-63: STST0, Mammary Gland [MG)
——Leads to acitvation — Leads to inhibition Findings inconsistent with state of downsiream molecule — Effect not predicted el

..........



Building a database to support studies on

human health and countermeasures
Future analysis capabilities

2. Relevance to human disease
. Display the expression of a query gene or its frequency of differential regulation
in disease types

*Example: Using the GenelLab data we are able to make predictions on impact
on health and risk of diseases due to space flight

Toxicity Functions

(23" Activation
= Il ==}
53 .. S Z-scores
2 z I ' T Tissue Type " 6
2 1] [ ] Flight Duration 4
o I = Flight Condition 2
=3 [ | [ Data Set 0
apoptosis of liver cells -2
cell death of cardiomyocytes -4
liver tumor I -6
Nephritis

Increased Levels of Red Blood Cells
liver cancer
congenital heart disease

Age Tissue Type Flight Duration Data Set
B 8 weeks Thymus 9 days l GLDS-25: STS135
11 weeks Mammary Gland 12 days GLDS-21: 5TS108
16 weeks Liver 13 days GLDS-63: STS70
20 weeks Kidney 30 days GLDS-111: BF
Adrenal Gland 37 days GLDS-4: STS118
Prev2|ence of Change ' Skin 91 days . GLDS-81: 1SS
E : ('i:fogﬁ:;;lset) I Skeletal Muscle GLDS-48: ISS
Extensor Digitorum Longus Flight Condition
I 13 (86.7%) Tibialis Anterior Bsts  sex
1216°%) B Quadricep BF Female
1 ) ~ Soleus Muscle ISS
10 (66.7%) = W vae

. Gastrocnemius



Building a database to support studies on

human health and countermeasures
Future analysis capabilities

3. Tissue expression
. Display the expression of a query gene based on cell or tissue type

*Example: Can make direct comparisons from of key genes to data from the
literature.

Il \ieta-Analysis (log, Fold-Change)

Comparing Key Genes from Meta-Analysis with Genes in Blaber et al Paper
[ Blaber et al (QPCR, Fold D)

2 FIfr o ipeprprjr rrpr rpe PRk |]_ ] i,l' DAngiogenesis
0 I : ||T1~JF [__lApoptosis
-2 E - -1 [_1Bone Marrow
> 4F l 'l 1 | - [__]Cardiovascular System
s E [ICell Adhesion
Q 3 [_]Cell Cycle Regulation
2 8F [_IDNA Repair
*-10 8 [IGF & Cytokines
12 | [IHematopoietic Stem Cells
14 '_ B Liver
16 F Ll I Mesenchymal Stem Cells
< = IS [_INeural Stem Cells
= W= P53 Activation & Regulation
<3‘5 I TF
o R \VWNT




Building a database to support studies on

human health and countermeasures
Future analysis capabilities
4. Countermeasure identification

. Display countermeasures reported to impact expression of a gene query

sExample: Hypothesis generated from GenelLab datasets that miRNAs can be
used as countermeasure against spaceflight health risks.
A) Top 10 predicted B T B) All miRNAs with

miRNAs from TR 7 i, . Z-scores > 2 or < -2
p-values 5 i i "

]
M7 !
s ! I
MURCE 1
“ommpg

\ e i Biological Health
y g Risk Increased

: <O Negative Impact on Health
@ Upregulated @ Predicted Activation O Positive Impact on Health

@» Downregulated @ Predicted Inhibition =~ < Both Positive and Negative Impact

—— Leads to acitvation ——Effect not predicted Findings inconsistent with state of
——Leads to inhibition downstream molecule
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e Space omics datasets are sparse
— Need to reduce level of noise
— Need a method for assay bias identification and correction
« Started a collaboration with NIST (National Institute of Standards and
Technology)
— Implement methods to make the best use of precious flight samples

— NIST showed high level of variation for RNAseq between 12 different core
processing centers in the US

7
nire . NIST’s collaborators
Dr. Munro and Dr. Salit

ARTICLE

ved 11 Aug 2014 | Accepted 1 Sep 2014 | Published 25 Sep 2014

Assessmg technical performance in dlfferentlal
gene expression experiments with external spike-in
RNA control ratio mixtures

11 July 2017 22
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Process after mice are
sacrificed
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0 Tissue Type

§' Time in Flight

Flight Condition pfocted Pathways
' ; PPARA” ~ PPARA Activaies Pathways
[ . PTGER4  (ircadian Clock
. m + Metabolic and imsci  ‘GlicadianSloe

— 1 _ _ADRB Glycolytic Process
L Immune System I E‘gﬁﬁé@tﬂ Circadian Clock
srReBrF1  PPARA Activates Pathways

related functions are AP White Adipocyte
regulated for in most Differentiation
tissues due to

Signaling by Interleukins

microgravity ACT g Immune System
. . . EGF Signal Transduction
This dysregulation in IL1B TGFp Signaling

overall immune and

okine Signaling in

metabolic functions giEAn Immune system
can cause an impact 1 AST T T T T T
on health of astronauts A8
due to microgravity ‘ E?ﬁ? DNA Hypomethylation
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Age Tissue Type Time in Flight Data Set Prevelance of Change
. 8 weeks Thymus 9 days l GLDS-25: STS135 15
11 weeks Liver 12 days GLDS-21: §TS108 13
16 weeks Kidney 13 days . GLDS-63:STS70 12
20 weeks Adrenal Gland 30 days GLDS-111: BF "
0 C ey O} a A lINC_A: QTQ11R 10

 p53 commonin all tissue and conditions when comparing tissue from
mice Flight vs Controls.

 p53 known to beinvolved in: tumor suppressor, conserving stability
by preventing:.genome mutation, DNA repair, cell cycle, apoptosis

- T T T " v



Kéy Genesand the Connections:

Flight vs Ground (AEM — Rodent Habitat)

QLE:::::M“S i B) Connections Between all Key Genes for all Datasets (Flight vs AEM):
for Key — Radial Plot with the most Connected Gene in the Middle
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Mission-specific analysis:

RR-1 Transcriptomics

Samples cluster by tissue type Samples do not cluster by flight/ground
50- 50~
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Impact of Microgravity on Liver Tissue: STS135 & RR1

Intersect Venn Diagram Analysis
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Impact of Microgravity on Liver Tissue: STS135 & RR1

Principle Component Analysis

RR1 Transcriptomics RR1 Proteomics
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Pathway
mmuO01100:

RR1 & STS135 Mice Liver KEGG Enrichment Pathways

Metabolic pathways
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Key Genes Affected by Microgravity in Liver —

Astronauts may develop NASH disease

Vivarium Control vs

Flight vs AEM Control

Flight vs Vivarium Control
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« Common theme shows PPARA being putative key regulator in the liver
» Disruption of PPARA pathways is typically a precursor to liver disease
» Leads to hypothesis generation of possible mechanism occurring in the liver

that is impacted by space radiation and microgravity-



Histopathology Confirms Liver Disease
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Vivarium vs Rodent Habitat control (AEM) across 5 different rat/mice studies, (no
flight samples — CO2 level matches flight info)

Cage Types

Animal Enclosure Module (AEM) Sample vivarium cage

) - . Extensor digitorum longus
[ - muscle (BF)
skeletal muscle Liver (STS-135)
GLDSs-21 STS-108 | mouse ~3000 s /79 \ Soleus muscle (BF)
Skeletal muscle
GLDS-111 BF mouse ~600 soleus muscle i \ (GaStTOfELe'I'n:iL'IISOB}
muscle) (ol o-
GLDS-111 | BF mouse | ~gop |Zdensordigitorm /L-
longus muscle
GLDS-25 STS-135 | mouse ~3000 liver
GLDS-63 STS-70 | rat ~3000 (est.)|mammary gland Mammary glands (STS-70)

Beheshti et al, Scientific Reports, March 2018, DOI: 10.1038/s41598-018-22613-1
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Differential Gene Expression

A) Venn Diagram of all significant genes
GLDS-25: STS-135 Liver (418)

376

GLDS-63: STS-70

Mammary . -
Gland : 0 ,
(348) w2 Rt GLDS-21: STS-108
1 o Skeletal Muscle
0 (1303)

29

GLDS-111: Bion

Extensor Digitorum GLDS-111: Bion

Longus (66) Soleus Muscle
{100)

An increase in aldosterone is associated with metabolic syndrome, which is characterized
by chronic inflammation; aldosterone secretion can be triggered by hypoxia.
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Upstream regulators and canonical pathways show

response is tissue specific and highest for high CO2

A) Upstream Regulators: AEM vs Vivarium

=

B) Canonical Pathways: AEM vs Vivarium
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Mild chronic hypoxia due to increased CO, levels could explain both the increase in immune responses

and a reduction in metabolism — Need to confirm with AEM experiments at ambient CO, levels. .



Confounding Factor 2: Preservation Methods in Space

Liver collection for RR1

Dissected Dissected
then Full Carcass then Full Carcass

Frozen frozen Frozen frozen



Principal Component Analysis of On-Orbit Dissected vs

Frozen Carcass Livers

Flight (Carcass vs Dissected)
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8.0E+05
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Dissected
-1.2E+06

Ground (Carcass vs Dissected)
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O ~5000
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(= -2.0E+05
Dissected ~/0E+05
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:> Strong separation of differentially expressed genes between FCR and frozen
tissue, either in space or on the ground (worst in space) — 4000 genes in common,
principally linked to catabolic pathways (i.e. tissue degradation).



Transcriptomics Data: Pre-validation Experiment
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Freezing Before Dissection Changes RNA

Dissected Frozen New experimental design to

15 ° understand:

o i 1. s this effect specific to liver?
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Principal component analysis of liver samples:
Triangles - flight samples

Circles - ground samples

Squares - basal controls

Red fill - dissected

Gray fill - frozen carcass

Blue outline: RR1 CASIS

Black outline: RR1 NASA, GSEA
Green outline: Freezing study

DGE
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GeneLab

Engage broadest
community of
researchers, industry,
and citizen scientists to

SRR T | = advance innovations

https://genelab.nasa.qgov

Weekly social media posts:
» @NASAAmMes Facebook
o Twitter #GeneLab %W
» ResearchGate: https://www.researchgate.net/project/Omics-for-Space-Biology-The-GenelLab-project

GenelLab database listed in science journals:
. Scientific Data, Oxford e-Research

GenelLab issues Digital Object Identifiers (DOI) via DataCite

Customer Support: Respond and resolve all inquiries from science community, academia, public
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https://www.researchgate.net/project/Omics-for-Space-Biology-The-GeneLab-project
https://genelab.nasa.gov/
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