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An understanding of the characteristics and regulation of maynstam cells
(MaSCs) is needed to gain insight into normal gland development atidoggenesis.
Previous profiling of MaSCs relied upon immunophenotypic selection of enzpaiha
dispersed cells by flow cytometry. However, these approackes/ed the selection of
cells that are removed from their tissue location and celluiaroenvironment. In this
study, | have utilized an alternative approach called laserodissection, to excise
putative MaSCs, based upon their ability to retain bromodeoxyuridiedethidDNA for
an extended period, and control cells from their in situ locatiormepubertal bovine
mammary cryosections. First, | established a protocol to immungaigative MaSCs in
tissue cryosections and isolate RNA of high quality. Next, Isextputative MaSCs and

control cells from immunostained cryosections using laser migectisn. Global gene



expression analysis by microarray provided evidence that MaSEs laeated in the
basal epithelium and progenitor cells located in suprabasaslayerumber of genes that
were up-regulated in MaSCs and progenitor cells were idehtifiel these are potential
biomarkers. Analysis of the expression pattern of four genes (RRSBEP153, HNF4A
and FNDC3B) by immunohistochemistry showed that the protein expnegsifile was
consistent with microarray data. Detailed immunohistochemicalysemlof NR5A2,
NUP153, HNF4A and FNDC3B in calf and cows (at various stage<tattian) revealed
that their frequency and distribution were consistent with stem/pitoge cell
characteristics. Finally, | attempted to manipulate stem/prtagyecells number using
cultures of primary mammary epithelial cells. Expansion of ftesgenitor cell is a
prerequisite for stem cell therapeutics and facilitatesy stell research. The effect of
xanthosine on bovine mammary epithelial cells (MEC) was evalu@tezsiresult of this
study showed that xanthosine treatment increased cell probferaromoted symmetric
cell division and increased expression of telomerase and a novelcstemarker
(FNDC3B). Together, these studies identified novel, potential nmsafke MaSCs and
progenitor cells, and supported the ability of xanthosine to increasépsbgenitor cell

number.



IDENTIFICATION AND CHARACTERIZATION OF PRESUMPTIVE BOVINE
MAMMARY STEM CELLS

By

Ratan Kumar Choudhary

Dissertation submitted to the Faculty of the Graduate School of the
University of Maryland, College Park, in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
2011

Advisory Committee:

Professor lan H. Mather, Chair

Adjunct Professor Anthony V. Capuco (Advisor)
Associate Professor Carol L. Keefer

Assistant Professor Lisa A. Taneyhill

Associate Professor Jason D. Kahn (Dean’s Rep.)



© Copyright by
Ratan Kumar Choudhary
2011



Dedication

| dedicate this research to my mother, Meera Choudhary, who left her physical
entity before completion of this dissertation. The expressions of deep and kpiritua
feelings help my research as | struggle to make sense of this life.

And to my daughter, Anika Choudhary, who harbingers fortune in my life.



Acknowledgements

First, | would like to thank my mentor, Dr. Anthony V. Capuco, for the
opportunity to work in his lab. His experience, knowledge, and mentorship have
provided me with a strong foundation that | am grateful for and will carty nvé in
my future career. Thank you for the opportunity to study such a wonderful and dream
topic. | would also like to thank the members of my advisory committee, Drs. lan H.
Mather, Carol L. Keefer, Jason D. Kahn, and Lisa A. Taneyhill, for their invauabl
guidance and support.

| would like to thank our support scientist, Ms. Chris Clover, for timely help
and advice. | thank post-doctoral friend, Dr. Kristy M. Daniels (now a faculty
member at the Ohio State University) for the lessons taught and encounageree
during early difficult years. | will never forget the time we spent togredeveloping
a protocol for BrdU immunostaining.

| owe my sincere thanks to research scientists at USDA building 200 for their
friendly behavior, encouraging words, timely helpful discussion - espediakly
Wesley Garrett, Neil Talbot, Robert Li, Congjun Li, George Liu, Theodtzasker,
Ransom Baldwin and Lakshmi Mutukumalli.

| would like to thank the Department of Animal and Avian Sciences,
University of Maryland for providing me with the opportunity to pursue the Ph.D.
degree and the USDA, Agricultural Research Service and the USDAnBlatio
Institute of Food and Agriculture, National Research Initiative CompetitiaatSr

Program, for providing funds.



Finally, | thank my wife, Shanti, for her patience, sacrifice, and fonalg
me to work in the lab at odd hours throughout the years. | would not have gotten this

far without her unconditional love and support.



Table of Contents

LiSt Of ADDIEVIALIONS .....coiiiiieiieiie e e e e vii

LISt OF TADIES ...ttt r e e e e e e e e e e as Xi

IS o T [ Xil

(@4 gF=T o] (=3 g I |01 1o To [1 [ £ o ISR 1

Chapter 2: LItErature FEVIEW .........uuuueiiiiiieeeeeeeeeeeeeeeeaeteanisss s s s e e e e eeeeaaaeeeeeesaennnnnasaeeeas 4
2.1  Bovine mammary gland structure and development ..........cccceeeiivviieiiiinnnnnee. 4
2.2  Existence of mammary stem cells and their identification ................ccccco..... 8
2.3 Important signals in the mammary microenvironment...............cccceeeeeeennn. 12
2.4 Manipulations of stem cells and USES............ccevuvrieiiiiiiiiiieeee e 20

Chapter 3: Development of a protocol for rapid 5-brordedxyuridine (BrdU)

] 10 T T XS 7= 11 11 o P 24
ADSTIACT ... r e e e e e e e eeeees 24
G 200 R = 7= T3 (o | 0] Vo SRR 26
3.2 Materials and MethOdS........oooo i i 27
3.3 Results and DISCUSSION .......ccoiiiiiiiiiiiiiiiiiie ettt 32

Chapter 4: Mammary stem cells: Molecular profiling to identify novel biommarke

and the stem Cell NICNE ... 39
Y 013 = Lo S PP P TP PP 39
4.1 BACKOIOUNG ...ttt s e e e e e e e e e e e e e eeeeeeneenes 41
4.2  Materials and MethodS.........oooviiiiiiiiiii e 43
4.3  ReSUItS and DISCUSSION .....ccoiiiiiiiiiiiiiiiiiiaee e e e e e e e eeeeae b e e e e e e e eaes 48

Chapter 5: Expression of NR5A2, NUP153, HNF4A and FNDC3B is consistent with

their use as novel biomarkers for mammary stem/progenitor cellS ............ccccoeeeeeennn. 72
ADSIIACT ...t a e e e e e e eaes 72
o0t R = 7 Vo3 (o | 0] Vo PSSR 74
5.2  Materials and MethodS........oooo i 76
5.3  Results and DISCUSSION .......ccooiiiiiiiiiiiiiiiiii ittt 78

Chapter 6: In vitro expansion of mammary stem/progenitor cell population by

XANTNOSING trEAIMENT .....iieiii e e e e e e e e e b e e b e e eb e e ebeeeaass 90
N o 1S 1 = o 90
G R = 7= Tod (o [ £ 11 [ PSSR 92
6.2 Materials and MethOAS..........cuuiiiiiiiiie e 93
6.3 RESUIS aNd DISCUSSION ....ccvuiiiiiiiiiiie et e e e e e e eaa e eaaaes 99



Chapter 7: CONCIUSIONS ..ot e e e e e e e e e e e e eeeeeesannnes 108

Y o] o 1= T [ RS SRRRRPP 112
Appendix Figure 1. Flow chart for identification, isolation and characterization of
presumptive DOVINE MASCS .......ocoiiiiiiiiiiii e e e e e e e e 112
Appendix Table 1: Transcripts that were differentially expressed in LREECb
4 o PSSP 113
Appendix Table 2: Transcripts that were differentially expressed ifdeRIs.

e PN 146
Appendix Table 3: Transcripts that were differentially expressed ifQRIs.
0 PPN 152
Appendix Table 4: Transcripts that were differentially expressed in EClDes. E
............................................................................................................................... 166
Appendix Table 5. The 387 genes (patrtial list) enriched in LRECb vs. ECb and
their general functional CategOrY. .......uuuuuiiiiiiiii e 183
Appendix Figure 2. IPA figure legend.........cccooviiiiieiiiiiiiieee e 185
Appendix Table 6. Transcripts of cell surface protein that were upregulated in
LRECD VS. ECD ... e 186
(2] 0][ToTe | 7>T o] o /20U 187

Vi



°C
MY
ML
pm
UM

ACEPEG

ALDH1
bp
BrdU
CD24
CD29
CD31
CD44
CD45
CD49f

CSF1

DAB
DAVID
DNA

ECb

List of Abbreviations

Degree centigrade

Microgram

Microliter

Micrometer

Micromolar

Combination of acetone and polyethylene glycol 300 (9:1;
volume/volume)
Aldehyde dehydrogenase 1

Base pair

5-bromo-2’-deoxyuridine

Cluster of differentiation 24 (also called heat stable antigen)
Cluster of differentiation 29 (also callgttintegrin)

Cluster of differentiation 31

Cluster of differentiation 44

Cluster of differentiation 45

Cluster of differentiation 49 (also calle@- integrin)

Colony stimulating factor 1

day

3'-3’-diaminobenzidine
Database for annotation, visualization and integrated discovery
Deoxyribonucleic acid

Basal epithelial cells (control LRECD)

Vi



ECe
ERa

ESR1

FBS

FGF
FNDC3B

g
Gl-phase
G2 —phase

GSK-3b

H20;
HCI

Hh
HNF4A
IGF
IMPDH
IPA
iPSC
kb
KEGG

LEF/TCF

Embedded epithelial cells (control LRECe)
Estrogen receptor alpha

Estrogen receptor alpha, official gene abbreviation (this aatioevi
was used in genomics manuscript rather tham)ER
Fetal bovine serum

Fibroblast growth factor

Fibronectin type Il domain containing 3B
Gravity

Gap 1 phase of the cell cycle

Gap 2 phase of the cell cycle

Glycogen synthase kinase 3b

Hour
Hydrogen peroxide
Hydrochloric acid

Hedgehog

Hepatocyte nuclear factor 4 alpha
Insulin-like growth factor
Inosine-5’-monophosphate dehydrogenase
Ingenuity pathway analysis

Induced pluripotent stem cell

Kilobase

Kyoto encyclopedia of genes and genomes

Lymphoid enhancer factor/T-cell specific transcription factor

viii



Lin
LMD
LREC
LRECDb

LRECe

MaSC
MEC
min

mL

mM

mo
M-phase
MSI1

N

NaOH
nfPBS
NR5A2
NUP153
OCT
PBS
PBST

PEN

Lineage negative
Laser microdissection

Label retaining epithelial cells

Basal label retaining epithelial cells
Embedded label retaining epithelial cells
Molar (concentration)

Mammary stem cells

Mammary epithelial cells

Minute

Milliliter

Millimolar

Month

Mitotic phase of the cell cycle

Musashi 1

Normal (concentration)

Sodium hydroxide

Nuclease free phosphate buffer saline
Nuclear receptor subfamily 5 group A member 2
Nucleoporin 153

Optimum cutting temperature
Phosphate buffer saline

Phosphate buffer saline containing 0.05% triton-X100

Polyethylenenapthalate



PY

Pl
pmol
PTCH
RIN
RNA
rpm

RT

SE
SMAD
SMO
SP
S-phase
TDLU
TDU
TEB
TER119
TFG
UMFIX
W

wk

XIST

Picogram
Propidium iodide
Picomole
Patched
RNA integrity number
Ribonucleic acid
Revolutions per minute
Room temperature
Second
Standard error
Mothers against decapentaplegic homolog
Smoothened
Side population
Synthetic phase of the cell cycle
Terminal ductal lobular units
Terminal ductal units
Terminal end bud
Also called lymphocyte antigen 76 (Ly76)
Transforming like growth factor
Universal molecular fixative
Watt
Week

X- inactive specific transcript



List of Tables

Table 1. Fixatives and antigen retrieval agents, their modes of action, ansl effect
morphology, BrdU staining, and RNA quality in bovine mammary cryosecti@®

Table 2. Top 10 up-regulated and down-regulated genes in LRECb vs. LRECe.....56

Xi



List of Figures

Figure 1. Histological structure of the prepubertal bovine mammary gland....... 5
Figure 2. Epithelial cell arrangement in the prepubertal bovine mamneaarg.gl.... 6

Figure 3. Concept of retention of labeled DNA strands in stera bgllasymmetric

(o [\ V=T o] o U TR

Figure 4. Possible sources of tissue specific stem cells #aSCs) and their

(1011 (=] =11 [ o PSSR

Figure 5. Exogenous administration of xanthosine promotes symroelridivision.

Figure 6. Effects of selected fixatives and antigen-nedtieagents on tissue

morphology and bromodeoxyuridine (BrdU) Staining. ............cceeeeiiieieieeiiiieiieeeiiiiinns 34

Figure 7. Electropherograms of total RNA obtained from stairehlstissue

LoY=T03 £[0] 0 1 TR TP

Figure 8. Serial cryosections of bovine mammary gland staindéd @gtrogen

receptoro. (ERa) and Ki-67 antibody. ...........uueeeiiiiiii e 37

Figure 9A. Network of cellular growth and proliferation: Ingentdtgthway Analysis

(IPA) on genes differentially expressed in LRECb vs. ECb..........ccoovviviiiiiiiiiicieennn.

Figure 9B. Network of cell cycle and post-translational modifon: Ingenuity
Pathway Analysis (IPA) on genes differentially expressed in LRECB@Ab. ........ 51

Figure 10A. Network of cancer: Ingenuity Pathway AnalysisAJIFon genes

differentially expressed in LRECe VS. ECE. ......ccooviiiiiiiiiiiiiiiiiiee e

Figure 10B. Network of DNA replication, recombination and repaigeiuity
Pathway Analysis (IPA) on genes differentially expressed in LRESCECe. ........ 54

Figure 11A. Network of tissue development, cell growth and pradliferaingenuity
Pathway Analysis (IPA) on genes differentially expressed in LRECbR&Ce. ... 58

Figure 11B. Network of tssue injury featuring heat shock pro{@i&s>s): Ingenuity
Pathway Analysis (IPA) on genes differentially expressed in LRECbR&Ce. ... 59

Figure 12A. Network for endocrine development and fuction: Ingenuity Rgthw
Analysis (IPA) on genes differentially expressed in ECb vs. ECe. .........ccccvvvvvvvinnneen

Xii

.. 93

.61



Figure 12B. Network for cancer: Ingenuity Pathway Analy$RBA] on genes
differentially expressed in ECh VS. EC. .......oooiiiiiiiiiiiiiiin e 62

Figure 13. Schematic representation of characteristics of bguteive MaSCs
(LRECD) and progenitor Cells (LRECE). ....ccuvvuiiieiiiiiiiee et e e 63

Figure 14. Immunohistochemical localization of potential mammam/sprogenitor
(o0 4 F= 1T TP 65

Figure 15. Immunohistochemical localization of potential novel steméprtag cell

markers in prepubertal and lactating mammary gland..............cccccovvvevvviiiiiciiceiene e 79
Figure 16. Immunohistochemical localization of putative stem/pragercell
markers in prepubertal and lactating mammary gland...............ccccovvvivvviiiiiciiceneeeeenn. 84
Figure 17. Evaluation of the effects of xanthosine on cell morphology amdigrate
OFf DOVINE IMEC. ...ttt 100
Figure 18. Effect of xanthosine on cell cycle progression. ...........ccccceeeeeiiieneeeeeeeeeene. 102

Figure 19. Primary cultures of bovine MEC contain label-retaimipighelial cells

Figure 20. Detection of symmetric and asymmetric cell dimisy daughter pair
=T F= 1) ST 105

Xiii



Chapter 1: Introduction

Stem cells are nonspecialized cells that generate more difféeentills within
an organism and are capable of self-renewal throughout the lifespan of tm$mrga
There are two broad categories of stem cells, namely embryonic dtemnckadult stem
cells (also referred to as somatic stem cells). Embryonic stemaoeltguripotent,
derived from the inner cell mass of the embryonic blastocyst, and differeotiaren all
the tissues present in an organism. Adult stem cells can be multipotent, bipotent, or
unipotent and are named based on the tissue or organ in which they reside and populate.
Mammary stem cells (MaSCs) are the adult stem cells presem wWithmammary
gland.
An essential property of adult stem cells is their ability to undergo astfrome
and symmetric cell division. Asymmetric stem cell division permitgval of
mammalian tissues while maintaining a constant tissue mass, through theiproafct
one daughter stem cell and one more differentiated progenitor cell. Symoeditri
division facilitates exponential growth kinetics by yielding two daugteds with
equivalent stem cell capacity. Clonal expansion of mammalian adult stisnscel
hindered by the predominance of asymmetric cell division in vivo. Xanthosine, a purine
nucleoside, has been found to suppress asymmetric cell division kinetics and to promote
exponential growth of adult stem cells in culture (Lee et al., 2003).
The main goal of this dissertation research was to expand our knowledge of

bovine mammary stem cells.Soecific aims wereto: (1) characterize the global gene

expression profiles of putative bovine MaSCs and progenitor cellsin vivo (2) identify



potential protein biomarkers of MaSCs and progenitor cells and (3) confirm the utility of
xanthosine for increasing expansion of MaSCs using an in vitro model system.
Characterization of MaSCs and progenitor cells are important steps towards
understanding their regulation, expansion and proliferation. In dairy animals, apieropria
regulation of the expansion and proliferation of MaSCs and progenitor cells dgn like
lead to increased milk production and lactation persistency, improved vyl per
management, and enhanced repair of damaged tissue in the event of injury aninfecti
Additionally, knowledge of MaSCs will enhance understanding of tissue hcaseoand
facilitate investigations of mammary tumorigenesis. Most researchpastéonprovide
molecular profiles of MaSCs in mice, human and bovine species have utilized
fluorescence-activated cell sorting or in vitro cultivation of cells fesmmymatically
dissociated tissues. However, the microenvironments encountered by MaSCs and
progenitor cells are lost prior to analysis using these approaches. Datst $hage
bromodeoxyuridine label retaining epithelial cells (LREC) representmaagnstem and
progenitor cells. In this thesis research, these putative MaSCs and progelistor
(LREC) were excised from their in situ locations in tissue cryasesusing laser
microdissection, and their transcriptome profiles were evaluated oscroarray
analysis. The overall hypotheses of this research was that LRBEMa&@s and that
comparison of the molecular profile of these cells with that of control cellprcaide
potential MaSCs biomarkers, which can then be evaluated by immunohistocheinistry.
liver hepatocyte culture, xanthosine appears to be a regulator of sterargeKikesis
(Lee et al., 2003). Similarly, intramammary infusion of xanthosine appearsitwlea

expansion of the population of bovine MaSCs (Capuco et al. 2009). An additional



objective of my thesis research was to confirm that xanthosine enhances expatison of
MaSC population. To this end, the ability of xanthosine to enhance cell proliferation by
promoting symmetric division of MaSCs was investigated using culturesnoduri

mammary epithelial cells.



Chapter 2: Literature review

2.1 Bovine mammary gland structure and development

The mammary gland is composed of two major tissue compartments, epithelium
and stroma, which are separated by a basement membrane. The epitheliumas a sing
tissue that is the primary component of the mammary ducts and alveoli. dina srthe
connective tissue matrix in which the ducts and alveoli develop, and includes many cell
types such as fibroblasts, adipocytes, endothelial cells, mast cells, laskangtneural
cells.

In cattle, mammary ducts develop as highly arborescent structuraebsteattenal
ductal units (TDU), which resemble the terminal ductal lobular units (TDLU)eof t
human breast. TDU are the predominant histological feature of the mamnrady gfa
prepubertal heifers. Ductal elongation occurs by the coordinated growth, branching and
extension of the TDU (Capuco et al. 2002). The TDU of the prepubertal gland typically
consists of 2-3 layers of epithelial cells and contains 5-10 ductular outgravwahged
around a central epithelial cord (Figure 1). Layers of epithelial wétén the TDU may
be designated as basal, embedded and lumenal (Figure 2). The basal leN®if ¢
adjacent to the basement membrane. The lumenal layer of epitheliuntesl lowest
apically from the basement membrane and cells of this layer are iccarttathe ductal
lumen. The embedded layer(s) of cells are sandwiched between the basalerad lum

layers. There is a large amount of loose fibrous stroma surrounding the TDU.



Figure 1. Histological structure of the prepubertal bovine mammary gland.

Mammary ducts develop as a highly arborescent structure called a tedogre|unit
(TDU) in which there are 5-10 separate ductal outgrowths, with 2-3 layepstioélel
cells in each ductal growth. Epithelial cells (EPI) of the elongatintsdue surrounded
by intralobular loose connective tissue (ICT) and adipocytes (ADP). Adgmaye not
in direct contact with the epithelium but separated by loose connective (Bssngs).



Basal layer of epithelium

Embedded layer of
epithelium

Lumenal layer of
epithelium

Figure 2. Epithelial cell arrangement in the prepubertal bovine mamnaanrg.qg|
Epithelial cells (EPI) are arranged in 2-3 distinct layers (basduamehal or basal,
embedded and lumenal) around a clearly defined central lumen. However, immatur
ducts may not contain a clear lumen. Cells in the basal layer are hypethtescontain
mammary stem cells.



The microanatomy of the peripubertal bovine mammary gland differs frorofthat
the murine mammary gland. Adipose tissue is generally more abundant in the
peripubertal murine mammary gland than it is in the bovine gland, in which the amount
of adipose tissue varies between animals and by location (periphery vs.linterna
structures) of the TDU within the gland. In contrast to the bovine mammary glansl, duc
of the murine gland grow with minimal branching. At the distal end of each murine
mammary duct is a mass of proliferating cells within a bulbous structiled tze
terminal end- bud (TEB). At the distal end of the TEB, a layer of prolifeyaiells
called cap cells contact the surrounding stroma mainly composed of adipd¢ijtiesns
and Daniel, 1983). There is little to no basement membrane present betweenctis cap
and the stroma. With the exception of the TEB, murine mammary ducts are yypicall
composed of two layers of epithelium, a single basal layer of myoepitheliuanander
layer of lumenal epithelium. Thus, a developing ruminant mammary glandasediff
from a murine mammary gland in terms of number of epithelial cell layessnae of a
definitive layer of myoepithelium, composition of the stroma, and the nature of ductal
elongation.

During early postnatal life, the mammary gland grows at an impressevéhedtis
faster than that of the rest of the body (allometric growth); this ratedsdfter puberty
when its rate of growth equals that of the rest of the body (isometric) (Sidheuaker,
1969). During pregnancy, there is extensive proliferation of the manepéhelium,

additional lateral side branching of ducts, and the appearance of alveoli férandifte



under the influence of hormones of pregnancy and serve as the basic epithetiales

responsible for milk secretion.

2.2 Existence of mammary stem cells and their itiBecation

In the mouse mammary gland, the first evidence for the existence of Ma®Es c
from the work of DeOme and coworkers (DeOme et al, 1959), who demonstrated that
small pieces of mammary tissue could expand and differentiate into &futiyonal and
reconstituted mammary gland when transplanted into the cleared fat padi (@fevoi
endogenous epithelium) of recipient mice. Other experiments have provided evence f
the existence of MaSCs. In the human breast, clonal expansion of cells froneksem c
has been suggested to explain the presence of entire lobules and ducts with ke same
chromosome inactivation patterns (Tsai et al., 1996). In murine mammary §@addn
and Smith (1998) employed retroviral tagging to demonstrate the existemcdtipbtent
MaSCs capable of regenerating a functional mammary gland.

Based on biological and morphological features, investigators have identified
putative MaSCs/progenitor cells in human, murine and bovine mammary glands. In mice,
mammary epithelium stained with Blue-Azure Il dye identified a dispopulation of
pale-staining mammary epithelial cells and hypothesized to repres&@svialhese pale
cells were characterized by light staining of cytoplasm, preserecéaoje round nucleus,
sparse cytoplasmic organelles and presence of tight junctions (SmithealtaiM1988).

The more darkly staining cells were considered more differentiated cellse phke
staining cells were refractory to differentiation signals, evidenceabedylack of casein
immunostaining in mammary explants that were cultured in the preseramagfdnic

hormones. Based on quantitative and morphological properties (cell frequency, size,



shape, staining characteristics, organelle distribution, and nuclear morphologgkoC
and Smith developed a model for epithelial cell lineage in mouse and rat mammar
glands (Chepko and Smith, 1997). Pale staining cells were subdivided into small light
cells (SLC) and large light cells (LLC). The abundance of SLC was unaiteresis
physiological developmental stages and these were concluded to be steifhesé

SLC (putative MaSCs) were characterized by morphological featureslimg) small

cell size, high nucleus to cytoplasm ratio, condensed chromosomes and unspecialized
cytoplasmic organelles. In human breast, a study of proliferatingpecellgled evidence
for the existence of cells that are morphologically similar to the peail@rgy cells in

mouse and rat mammary gland (Ferguson, 1985). In mammary glands of calses, Elli
and Capuco found similar morphologically distinct populations of epithelial cells and
categorized them as light, intermediate and dark cells based upon intensity of the
cytoplasmic staining (Ellis and Capuco, 2002). The difference in nomenclaturénfiom
used to describe analogous cells in rodents reflected differences inlpaneah
architecture, cellular morphology and location of cells within the multiple éjithe
layers (basal, embedded and lumenal) of bovine mammary tissue. In prepubearal
mammary gland, the frequency of light staining cells were reported fopbexamately
10% of total mammary epithelial cells (Ellis and Capuco, 2002).

Using a different approach, investigators have identified potential Ma3€d ba
on increased expression of membrane transporter proteins like breast csistarae
protein (BCRP) (Zhou et al., 2001). Increased expression of these ATP bindirttecasse
transporters in cells effectively excludes dyes like rhodamine fromadyieiplasm,

allowing for the identification and separation of a population of cells, known as the side



population (SP), by flow cytometry. In various studies, the SP fraction was deat@dstr

to possess an enriched capacity to regenerate a murine mammarygbe

transplantation (Welm et al., 2002; Alvi et al., 2003). The SP fraction averaged®.2

1% in human (Dontu et al., 2003), 0.5% to 3% in murine (Welm et al., 2002) and 0.5% in
bovine (Motyl et al., 2011) mammary glands. A recent review discussespbeance

of cell-cell interactions in dictating stem cell behavior and the value of in vivo
transplantation studies in elucidating this aspect (Smith and Medina, 2008).

A population of mammary epithelial cells enriched with MaSCs, based on
expression of a combination of cell surface protein markers, was identifie@ loy as
multiparameter cell sorting in mouse mammary gland (Shackleton et al.,200f;et
al., 2006). The Shackleton and Stingl groups carried out independent research in which
they enriched the MaSCs population by selecting cells for CBR{egrin) and/or
CDA49f (@6-integrin), and CD24 (heat stable antigen). This enrichment followed the
exclusion of cells that were of endothelial and hematopoietic lineage,lsd-cel+ cells
(CD31+, CD45+ and TER119+). CD31, a platelet cell adhesion molecule, is expressed
by endothelial cells. CD45, a transmembrane tyrosine phosphatase, isexpnes
hematopoietic cells with the exception of erythrocytes. TER119 is exclusixptgssed
on cells in the erythrocyte lineage. Hence, CD31 was used as a marker to exclude
endothelial cells and CD45 and TER119 were used as markers to exclude hematopoietic
cells. In contrast, CD23{-integrin) and CD49fu6-integrin) are integrin adhesion
proteins that are expressed by mammary epithelial cells and medsageiimns with
stroma (Streuli, 2009). Expressionfdf-integrin along withu2-integrin has been used to

isolate skin stem cells (Jones and Watt, 1995). CD24 is also not very speciaS@sM
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as it has been used as a neuronal stem cell marker (Rietze et al., 2001) aadkas afm
aggressive breast cancer (Kristiansen et al., 2003). Using the aforemeésticiaee
markers, LinCD24'CD29"" cells (Shackleton et al., 200&)d Lin CD24'CD49""

cells (Stingl et al., 2006) were shown to be enriched for MaSCs. These markdr-sort
cells displayed increased capacity, compared to unsorted cells, to garferatBonal
mammary gland when transplanted into genetically identical mice.

Another approach to characterize MaSCs has employed use of anchorage
independent culture systems. Under these conditions, human, mouse and bovine
mammary epithelial cells produce spherical colonies called “mammospfi2oedu et
al., 2003; Morrison and Cutler, 2009; Riley et al., 2010). Mammospheres are solid
spheres of cells that are hypothesized to originate from a single MaSQspaad t® be
enriched in stem cell/progenitor cell populations. This approach was based upon the use
of neurospheres to study neural stem cells (Reynolds et al., 1992). Typically,
mammospheres are 200-250 um in diameter and contain approximately 150-300 cells
(Dontu et al., 2003) in human cell suspension culture. In Matrigel, a single cekdasolat
from mammospheres was demonstrated to develop a complex functional strudture, wi
ductal and alveolar cells (Dontu et al., 2003). Because the efficiency of human
mammosphere formation was 0.4%, it was inferred that each mammosphere contains
approximately one sphere-initiating cell (1/250 cells per mammosphere = 004&%). |
recent study, mammosphere initiating cells were reported to be"€aR4°" and
their ability to form next generation mammospheres was exhausted aftgefigmations
(Dey et al., 2009). Thus mammosphere culture conditions will need further improvement

for their long-term maintenance. Limited use of mammospheres culture analese
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community may be due to the inability to maintain mammosphere for a long timieeand t
difficulty in separating cell aggregates and quantifying differentstypeells within the
mammosphere.

Another approach to identify putative stem cells is based on the observation that
many somatic stem cells retain label in their DNA for a prolonged petiediaitial
labeling with tritiated thymidine or bromodeoxyuridine (BrdU) (Bickerhd®81;
Potten et al., 1978). In mice, intestinal crypt cells (Potten et al. 2002), musdieesa
cells (Conboy, et al., 2007) and putative mammary stem cells (Smith, 2G06¢dethe
label. In bovine mammary gland, Capuco and coworkers (Capuco, 2007; Capuco et al.,
2009) proposed that these label-retaining epithelial cells (LREC) arevputtgm cells.
However, the phenomenon of label retention by adult stem cells does not appear to be a
universal marker for these cells. In hematopoietic tissue, label ref@iells are not stem
cells (Kiel et al., 2007). There are two schools of thought as to why stermesilsetain
label; one school of thought says that MaSCs (not progenitor cells) are quieisent ce
and the other school of thought says that MaSCs retain label due to asymmetric
segregation of DNA strands (immortal strand hypothesis). In mamrizarg, dabel
retaining epithelial cells were suggested to be the result of asyimsegregation of
DNA stands (Smith, 2005; Capuco, 2007). A schematic representation of the immortal

strand hypothesis to explain the retention of labeled DNA is depicted in Figure 3.

2.3 Important signals in the mammary microenvirorenmt

Mammary epithelial cells are regulated by a complex network of comntiomca
between basement membrane, basal cells, embedded cells, lumenal aeitd, cslls,

and extracellular matrix. In addition to the ovarian hormones (estrogen and progeyt
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Figure 3. Concept of retention of labeled DNA strands in stens bgllasymmetric
division. Retention of label (e.g. BrdU) by putative adult stentscmlay be due to
selective segregation of labeled DNA strands during asymnebwigion giving rise to
cells that retain label (LRC) despite multiple cell divisidRandom segregation of DNA
after initial labeling would cause dilution of label by ~50% ioledivision and the label
is “lost” after a few mitotic divisions.
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which are necessary for mammary gland development, a variety of othesrtes and
factors These structures, along with cell-cell communication and solubbesfatirect
cellular activity through direct contact or paracrine signaling. dheeaf endocrine
hormones as master coordinating regulators of mammary gland developmeht is we
established (Brisken and O'Malley, 2010). including physical factors sudil-&=ll

contact, cell-stoma interactions (Muschler and Streuli, 2010; Wiseman and Werb, 2002)
and diffusible factors such as growth factors, growth suppressors and cytokines provide
for regulation and development of the mammary gland. The number of regulators and
interactions is enormous. Only those deemed most relevant to this investigation of
bovine mammary stem cells will be discussed.

Local signals generated from the epithelial and stromal compartmentsgbériae
have important roles in controlling development of the mammary gland. Thesls signa
are growth factors, hormones and soluble factors that direct gland development
(Silberstein, 2001). In a recent study, loss of adipocytes resulted in loss dbmEAion
and fewer ductal branching in mouse mammary gland, suggesting an important role of
adipocyte secreted factors in maintaining lobular architecture (LamiskEiger et al.,
2010). Adiponectin, a protein secreted by adipocytes has been demonstrated to influence
proliferation and differentiation of mammary epithelial cells viacggn receptor
dependent and independent mechanisms (Rahal and Simmen, 2011). An additional
stromal factor that is secreted by mammary macrophages, is colonjasiig factor -1
(CSF1), which promotes mammary gland development during pregnancy (Potard a
Hennighausen, 1994) and plays a role in mammary stem cell function in@Gyieki et

al., 2009).
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Numerous growth factors of the epidermal growth factor (EGF), insulin-like
growth factor (IGF) and fibroblast growth factor (FGF) familiggutate the proliferation
of MaSCs in coordination with activated endocrine pathways (Hynes arsbiy2010).
The EGF family of growth factors, amphiregulin, and transforming tiréactor«

(TGFu) are expressed during all phases of mammary gland development and a
collaborative role of EGF and TG@GHas been suggested in mammopoiesis and
lactogenesis (Luetteke et al., 1999). Amphiregulin serves as a mediastnogea

signaling and is necessary for ductal development and the formation ohTE®Eine
mammary gland (Booth et al., 2010). FGF-mediated signaling is initiated leyigation

of the receptor tyrosine kinase upon ligand binding, which ultimately promotes cell
growth, differentiation and functions that are important for normal development a
tissue maintenance (Katoh and Katoh, 2006). Expression of FGF1 protein and mRNA
has been demonstrated during mammogenesis, lactation and involution stagesguggest
the possible role of FGF1 in changing morphological and functional properties of the
bovine mammary gland (Sinowatz et al., 2006).

Considerable evidence suggests that IGF1 has an important role in mediating
ductal growth. IGF1-null mice have diminished ductal growth and TEB formatiom(Rua
and Kleinberg, 1999) and locally implanted IGF1 induced development of TEB and
formation of alveolar structures (Ruan, et al., 1992). Similarly, IGF1 and IG&Hali
proteins are produced locally and regulate growth and development of the bovine
mammary gland peripubertally (Akers et al., 2000).

The nuclear receptors for ovarian steroids, estrogen receptor-alpipa(iR

progesterone receptor are essential for normal development of the mamanary gl
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Proliferation of mammary epithelial cells is mediated in paracrifredasand these
paracrine factors are derived from estrogen receptor (ER)-positive andtproge
receptor (PR)-positive cells of the epithelial or stromal compartmetite ahammary
gland (Capuco et al., 2002; Hovey and Aimo, 2010; Li and Capuco, 2008; Mallepell et
al., 2006). Without these essential ER-positive and PR-positive cells in the
microenvironment, the MaSCs and progenitor cells do not function propemgent

report on ovariectomized mice reported a decreased number and diminished sedf-rene
capacity of MaSCs (Asselin-Labat et al., 2010). Loss af BERhe mammary epithelium
resulted in impaired ductal branching and elongation in estrogen receptor null lpuberta
mice (Feng, et al., 2007; Mallepell et al., 2006). Current evidence indicatesaB8&tsM
are ERi-negative and PR-negative in mouse (Asselin-Labat et al., 2006), human
(Anderson and Clarke, 2004) and cow (Capuco et al., 2002).

The Wnt signaling pathway is one of the most complex pathways in muikzell
organisms. This complexity is due to the large number of Wnt protein ligands (Wnt 1-16)
and proteins that regulate the production of Wnt, the interactions with receptorgedn tar
cells and the resulting signaling cascade and physiological responsas 8kddtKatoh,
2006). The canonical Wifiicatenin pathway is the best-characterized Wnt pathway. The
signaling pathway includes Wnt ligands, cell surface fizzled receptds-aaténin. Upon
ligand binding, cytoplasmic protein disheveled is activated and destroystmelse
complex of proteins that includes glycogen synthase kinase-b (GSK-3b), axin, and
adenomatous polyposis coli (APC). Destruction of GSK3b/axin/APC spares destructi
of B-catenin in the cytoplasm and promofiesatenin translocation into the nucleus. In

the nucleusp-catenin interacts with the nuclear lymphoid enhancer factor/ T-celfispec
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transcription factor (LEF/TCF) family of transcription factors andvates Wnt target
genes. Non-canonical Wnt pathways are independdtit-oatenin. Among various non-
canonical pathways, planar cell polarity (PCP) and Wnt/calcium até&madn. In the
mammary gland, various Wnt proteins (Wnt-2, Wnt-4, Wnt-5a, Wnt-5b, Wnt-6 and Wnt-
7b) appear to be synthesized in the epithelium and stroma based upon localization by in
situ hybridization, and an essential role of Wnt proteins in breast developmémemas
suggested (Weber-Hall, et al., 1994). Wnt-5a ligand binds with Frizzed receptoisand ha
been shown to regulate intercellular calcium level through a non-canonicaiaWioih
pathway. In mouse, transcriptome analysis of mammary epithelial subpopulations
revealed that expression of Wnt-4, Wnt-5a, and Wnt-7b was enriched in lumenal ER
positive cells (Kendrick et al., 2008). A role for Wnt-4 in progesterone-induced ducta
side-branching (Brisken et al., 2000) and Wnt-1 and Wnt-10b in alveolar development
(Robinson, et al., 2000) have been suggested. Musashi-1 (MSI1), a neuroglial stem cell
marker and proposed MaSCs marker, has been demonstrated to promote proliferation of
progenitor cells (CDzﬁighCDZQ*) by activating the Wnt pathway in a mouse mammary
epithelial cell line (Rezza et al., 2010; Wang et al., 2008). In a recent studly, W
responsive cells were shown to be enriched for MaSCs and exogenous exposure of Wnt
protein promoted clonal expansion of stem cells and the ability to genduatetianal
mammary gland for many generations in transplantation studies (Zengiase,2010).

The TFG$ pathway has a variety of roles that are pertinent to mammary
development, including regulation of cell differentiation, cell growth andheload-
mesenchymal transition. The signaling pathway consists of ligands {IF&® family

members) and receptors (type 1 and type 2). The @ faRiily of ligands binds with
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type 2 receptor dimer, which recruits and phosphorylates type 1 receptor dimargform
a heterotetramer complex with ligand. This results in phosphorylation of SMADngrote
(SMAD 1-9) in the cytoplasm, and dimers of SMAD proteins translocate into theusucle
and mediate transcription of target genes. In the mammary glandpTR&s been
recognized as a negative regulator of mammary proliferation, regofattammary stem
cells, promotor of apoptosis and inducer of epithelial-mesenchymal toansitivivo
studies using slow releasing implants of TEFn mouse mammary gland have
demonstrated that growth of the mammary ductal network is reducedmBpIT (Daniel,

et al., 1989; Silberstein and Daniel, 1987). Other studies in mice have establisteed a rol
for TGF1 in regulation of stem cells (Kordon et al., 1995) and induction of apoptosis
during post-lactation involution of the mammary gland (Nguyen and Pollard, 2000).
Recent studies demonstrated a role for P&k epithelial-mesenchymal transition and
maintenance of stem cell states in breast tissue (Fuxe et al., 2016 Sclle 2011).

The Notch signaling pathway is a highly conserved pathway in multicellular
organisms. It regulates cell fate during development and determinesmifiéon of
MaSCs and progenitor cells. The Notch pathway is mediated by juxtacringrgignal
among adjacent cells, wherein ligand (Notch 1 to 4) presenting cells senchtldsig
receptor (Jagged family-JAG1,2 and Delta-like family-DLL1, 2 and 4) pregeodills.
Ligand binding to the extracellular domain of the receptor induces proteolyt@gkea
and release of the intracellular domain, which then translocates into the nuncléuinds
with its partner of the CSL family (CBF1, Su, Lag-1) of transcription facand
mediates transcription of target genes Mkg andp21. In mammary gland, the Notch

pathway has been shown to be associated with MaSCs self-renewal, cell fate
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specification and progenitor cell expansion. In vitro, increased expression of Notc
activating DSL peptides promoted stem cell self-renewal, which wdsreced by a 10-
fold increase in the number of mammospheres and increased ductal branching in 3D
Matrigel upon differentiation; whereas blocking the Notch 4 signal blocked
mammosphere formation in human mammary epithelial cells (Dontu et al., 2004). In
vivo, knock-down of the canonical Notch effector gene CBFL1 led to an increase in the
stem cell (CD29CD24") population and aberrant ductal morphogenesis, suggesting a
role for Notch in restricting stem cell expansion (Bouras et al., 2008). Corwersel
constitutive activation of the pathway led to an expansion of lumenal progetigor ce
(CD29°CD24'CD61") (Bouras et al., 2008).

The Hedgehog (Hh) signaling pathway is a well-studied and conserved pathway
in multicellular organisms. The Hh pathway is mediated in autocrine andiparac
fashion. The signaling pathway includes secreted glycoprotein ligands (Boridesert
Hh, and Indian Hh), receptors (Patched 1 and 2, PTCH), an effector (Smoothened, SMO),
and transcription factors (Gli 1 to 3). Paracrine mode of action requires apuaiten
called ‘dispatched’. In absence of ligand, PTCH and SMO form a receptorecoanl
SMO activity remains inhibited. Upon ligand binding, the receptor complex diss®ciat
and relieves SMO inhibition causing activation of transcription factorg ,&i(activator)
and Gli 3 (repressor). The transcription factors translocate into theuswaid regulate
transcription of target genes (engyc, cyclin D, cyclin E, components of the EGF
pathway). Hh signaling components (Sonic Hh, PTCH1, Gli 1, 2) are highly expressed in
human mammospheres and their expression is associated with an increase in

mammosphere-initiating cells as well as mammosphere size (Leg2803). An
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important role of Hh signaling in mediating epithelial-stromal inteoadhas been
demonstrated in mouse mammary gland by genetic analysis (Lewis2€0d.).

Likewise, activation of the Hh signaling pathway in vivo increases the number of
mammary progenitor cells by increasing the mitotic activity of @af.i et al., 2008).
This pathway regulates multiple phases of mammary gland development, including
ductal development and lactation (Lewis and Veltmaat, 2004). These results shggest

Hh signaling plays a role in the regulation and self-renewal of mammargrpragcells.

2.4 Manipulations of stem cells and uses

Techniques to induce stem cell de-, re-, or transdifferentiation into tissuéespec
cell lineages and to promote proliferation require an understanding @& tissu
microenvironment wherein cell-to-cell and cell to environment interactiang ¢Eigure
4). Recent efforts have focused on the manipulation of adult stem cell diffecentiat
using soluble factors, chemicals and hormones to produce a suitable physiological
environment that mimics tissue microenvironment for the stem cellsew/elvide or
differentiate depending upon the need. A role of progesterone in expansion of MaSCs has
been demonstrated (Joshi et al., 2010). In a model experiment with mammary cance
stem cells, cytotoxicity targeted towards differentiated cells endarodiferation of
stem cells (Agur et al., 2010). Earlier | discussed various signaling agthhat regulate
expansion and differentiation of MaSCs and progenitor cells. Manipulation of these
signaling pathways could alter cell division kinetics to achieve expansimpagnation
and finally differentiation of MaSC. Indeed, a role of paeatenin pathway in regulation

of MaSC and progenitor cells has been suggested (Korkaya et al., 2009). In an in vitro
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Figure 4. Possible sources of tissue specific stem celts (@aSCs) and their
proliferation. The dairy industry, MaSCs and their proliferative pdjmuraof cells are
likely to help in mammary gland development, increasing the stensly of lactation,
and management of dry period. Knowledge of bovine embryonic stem(EE&IS) and
induced pluripotent stem cells (iPSC) is still rudimentary.
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study, protein p53 mediated the down-regulation of inosine-5’-monophosphate
dehydrogenase (IMPDH) and promoted symmetric proliferation of hepatnccslls
(Sherley and Johnson, 1995). Exogenous treatment with xanthosine overcame this down
regulation of IMPDH, increased guanine ribonucleoside concentration in tiaadel
promoted symmetric division of stem cells and expansion of the stem cell population
(Lee et al., 2003) (Figure 5). Analogously, intra-mammary infusion of xanthosine in
prepubertal heifers increased the abundance of BrdU label-retainindiapaéks i.e.
MaSCs (Capuco et al., 2009). Conversely, natural compounds such as curcumin and
piperine, which have been used as cancer preventative agents, have been shown to
abolish mammosphere formation and Wnt signaling (Kakarala et al., 2010). Taken
together, manipulation of MaSCs and progenitor cells may be a feasible means of
promoting mammary growth, cell turnover and tissue regeneration, withtitnate

goals being improving milk production and udder health of dairy cattle.
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Figure 5. Exogenous administration of xanthosine promotes symmetric cabmlivis

Xanthosine enters the ribonucleoside biosynthesis pathway and forms xanthosine
monophosphate (XMP), which promotes synthesis of guanosine monophosphate (GMP).
Xanthosine circumvents the inosine monophosphate dehydrogenase (IMPDHjtethedi
conversion of IMP to XMP, a rate limiting enzymatic step in XMP synghdsiis

increases the GMP concentration in the cell, which favors symmetric\dslbdi
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Chapter 3: Development of a protocol for rapid 5-lbomo-2’-
deoxyuridine (BrdU) immunostaining

Abstract

A rapid method of immunostaining was developed for 5-brofrae@xyuridine
(BrdU) -labeled cryosections of bovimeammary tissue while preserving RNA quality of
thestained section. BrdU is a thymidine analog that is incorponatedhe DNA of
proliferating cells, and serves as a proliferatiwerker. Immunostaining of BrdU-labeled
cellswithin a histological section requires heat, enzymatichemical-mediated antigen
retrieval to open doubktrandedNA, and exposure of the BrdU antig&ithough
these established treatments permit stairimgy preclude use of cells within the tissue
section forfurther gene expression experiments. Additionally, langbody incubations
and washing steps lead to extengiMA degradation and elution. A protocol was
developedor immunolocalization of BrdU-labeled cells égnyosections of bovine
mammary tissue. The protocol does remuire harsh DNA denaturation and it preserves
RNA integrity and quantity. This protocol comprised an iniie¢tone:polyethylene
glycol 300 [9:1 (vol/vol)] fixation(2 min) followed by staining with methyl green (0.5%
agueous; 2 min) to stabilize macromolecules, antiggreval with deionized formamide
(70% in nuclease-frgghosphate buffered saline; 4 min incubation), antibodybation
in the presence of RNase inhibitgssmin), and minimal washing to facilitate recovery
of RNA from cells from the stained sections. Applicabibfythis protocol to other
nuclear antigens was evaluatgdtesting its suitability for staining estrogen receptor

alpha and Ki-67 antigen. In both cases, use of the prgtocwided good
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immunostaining and tissue morpholod@ye RNA quality of estrogen receptorand Ki-

67- stained sections was not evaluated. Quality of the isoRit&& from BrdU-stained
sections was evaluatéy micro-fluidic electrophoresis and its utility was confirmed
using quantitative reverse transcription-PGRaining intensity obtained with this

labeling protocolvas similar to that obtained using conventional immunohistochemistry
protocols. When coupled with lasaicrodissection and RNA or cDNA amplification,
thisimmunostaining protocol will provide a means for futtrenscriptome analysis of

BrdU-labeled cells within aomplex tissue.

Key words: 5-bromo-2'-deoxyuridine, cryosection,gene expression, laser

microdissection
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3.1 Background

5-Bromo-2-deoxyuridine (BrdU) has been used extensively to identify
proliferating cells, study cell lineages, and identify putative stelta (Capuco, 2007;
Conboy et al., 2007; Plickert and Kroiher, 1988). A thymidine analog, BrdU is
incorporated into DNA during the S-phase of the cell cycle and can be detected by
standard immunohistochemical procedures. These procedures have limitations for
subsequent transcriptome analysis of BrdU-labeled cells. Antibodies tagadtkscan
access only the antigen in single-stranded DNA (Gratzner, 1982), so stainindupesce
require DNA denaturation before antibody incubation. These proceduresliypical
involve high heat (~100°C) in sodium citrate buffer or treatment with harsh chemicals
(e.g., HCI; (Tang et al., 2007)). Such treatments affect RNA integritgamaffect cell
morphology. Establishing a procedure that could identify BrdU-labeled adfisui/
damaging cellular RNA would facilitate subsequent in situ hybridizatiorotatisn of
cells by laser microdissection for subsequent analysis of gene egprigsthese cells. In
this study, a novel strategy was developed whereby good-quality RNA wastestt
from BrdU-immunostained cryosections of bovine mammary gland. Our future
application will be to use this protocol to identify putative bovine mammary stésn ce
for laser excision and subsequent downstream analyses. Putative bovine maemmary s
cells can be identified on the basis of their ability to retain BrdU for extigpel@ods of
time after initial labeling (Capuco, 2007), because of selective segregapareaotal

DNA strands during asymmetric cell division (Smith, 2005).

26



3.2 Materials and Methods

Tissues were obtained from an experiment that was performed in compliance with
the Beltsville Agricultural Research Center’'s Animal Care and Use GibeemFive
Holstein heifers (3 mo of age) were injected with BrdU (Sigma-Aldrich S Louis,
MO) intravenously once daily for 5 d as described previously (Capuco, 2007). Forty-five
d after the last BrdU injection, heifers were humanely killed at the Bé&dtg\glricultural
Research Center abattoir. Animals were stunned with a captive bolt pistol and
exsanguinated, udders were removed and mammary tissue was collected from
parenchymal regions within rear mammary glands (i.e., quarters) of the tidadual
tissue samples (5 x 5 x 5 Mmvere immediately embedded in optimal cutting
temperature (OCT) compound (Sakura, Torrance, CA), frozen in liquid nitrogen vapor,
transported on dry ice, and stored at —80°C. Serial sectiqma {Bick) were thaw-
mounted on glass slides, UV-irradiated previously to destroy potential nualsasty,
and stored at —80°C until the time of microdissection (~2 wk maximum storageg The
glass slides were covered with a membranen2hick) of polyethylene naphthalate
(PEN slides, Leica AS, Wetzlar, Germany). Testing and evaluationiotiggsrotocols
was performed as a linear process. Different parameters wereaedtedained together
to evolve the final and effective protocol. If a parameter was found to be ineffect
was not repeated. However, successful tests were repeated and used asftire basis
chaining additional steps in the protocol. The final protocol was tested repeatddly

found to be effective (n > 24).
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Tissue cryosections were fixed with a variety of noncrosslinking fixatives
including alcohols and acetone. Crosslinking fixatives, such as formalin, sewepaly
the ability to extract quality RNA from tissue (Lewis et al., 2001) and were adt As
list of fixatives evaluated is provided in TableSkctions were treated with these
fixatives to optimize morphology and BrdU staining while maintaining good RNA
guality. Sections fixed in acetone: polyethylene glycol (ACEPEG) 300 [9: ipl/
Sigma-Aldrich], our newly developed fixative, at -20°C for 2 min possessed good
morphology and consistent immunostaining and yielded RNA of highest quality. This
fixative was prepared on the day of use. Preliminary experiments witmacdbne as a
fixative yielded acceptable tissue morphology. These results were mpobvied with
the addition of polyethylene glycol (PEG) 300 to acetone. This fixative was diérora
the composition of universal molecular fixative (UMFIX) (Vincek et al., 2008jckvis
a combination of methanol and PEG [9:1 (vol/vol)]. Further, PEG is a component of OCT
compound, so it was thought that adding it to the fixative would aid in the preservation of
morphology by providing a more gradual transition from OCT compound to acetone
fixative.

Different methods were evaluated for their ability to retain the qualiRNA
extracted from the tissue sections. These methods included 1) the use digneetingo
precipitate RNA in aqueous solution without affecting immunostaining and RNA
isolation procedures; 2) use of RNase inhibitors in antibody incubation buffer (RNasi
Plus RNase inhibitor, Promega, Madison, WI); and 3) the use of small volumeshof was

solutions (20QuL instead of submersion in wash jar) and abbreviated wash time.
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Table 1. Fixatives and antigen retrieval agents, their modes of action, ansl effect

morphology, BrdU staining, and RNA quality in bovine mammary cryosections

Item Mode of action Morphology’ Staining RNA
quality®

Fixatives

Methacorn® Nonprecipitating + +++ + -
precipitating

75% ethanol Precipitating ++ + +

Acetone Precipitating ++ ++ + +

UMFIX * Precipitating ++ + ++ ++

ACEPEG® Precipitating ++ + ++ + +++

Antigen retrieval agents

2N HCI Denatures DNA ++ ++ + -

DNasel Cleaves DNA +++ - -

0.01N NaOH Denaturing and Destroyed - -
hydrolysis

U.V. irradiation Crosslinks double Destroyed - -
stranded DNA

Formamide Lowers DNA melting + ++ -

100% temperature

Formamide 10% | Lowers DNA melting Destroyed - -
temperature

Formamide 70% | Lowers DNA melting ++ ++ + +
temperature

! Companion slides were processed and used toyjoflgrdU staining and the quality of RNA obtained
from the stained slides. RNA quality is expressetha RNA integrity number (RIN), The RIN is
automatically generated from the electrophoretia ddtained by the microfluidic analysis of RNA hwit
the Agilent Bioanalyzer (Agilent Technologies, Witigton, DE). The algorithm used for calculating the
RIN uses several features commonly used for asgpBNA quality, e.g. area under rRNA bands, rafio o
18S and 28S rRNA peaks, height of the lower mapkeak (Schroeder et al., 2006). RIN is expressea on
scale of 1-10. Lower RIN corresponds to degraded RNd high RIN corresponds to high quality RNA.
2Quality graded as bad (=), poor (+), moderate (fotgood (+ + +). RNA integrity numbers
corresponded as follows: —=RIN 1to 3; + = RIM3}; + + =RIN4t0 6; + ++ =RIN 6 to 8.

¥Methanol + chloroform + glacial acetic acid [6:3ubl/vol)].

* Universal molecular fixative: a mixture of methamold polyethylene glycol 300 [9:1 (vol/vol)].

® A mixtureof acetone and polyethylene glycol 300 [9:1 (vd)ko
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The effects of different antigen retrieval agents on immunostaining, tissue
morphology, and RNA quality were evaluated. Most treatments were time coigsumi
and yielded unsuitable morphology and unacceptable RNA quality (Table 1).
Denaturation of DNA with 70% deionized formamide (Amresco, Solon, OH) in nuclease
free PBS (nfPBS) for 4 min at 60°C maintained tissue morphology and fadilitate
immunostaining. This approach was an application of results obtained by Mayer et al
(2006), who successfully used deionized formamide for BrdU antigen retrieval in an in
situ hybridization experiment. Formamide lowers the melting temperatBsAfoy
destabilizing its helical structure (Blake and Delcourt, 1996).

The final protocol developed to rapidly detect BrdU-labeled cells anch ietéA
guality is described below. In all cases, slides were processed sindipgeRree
LockMailer microscope slide jars (Ted Pella Inc., Redding, CA). The omtrshort
method for immunostaining started with ACEPEG fixation at -20°C for 2 min folowe
by air drying for 1 min. Air drying was essential for best fixation and aativerof the
tissue to the slide during subsequent steps. Drying of the slide was followed by
incubation of the section with 2Q@ of 0.5% aqueous methyl green (Vector
Laboratories Inc., Burlingame, CA) for 2 min at RT. After a brief (10 Shwaith
nfPBS, the slide was incubated with 4000f prewarmed 70% deionized formamide at
60°C for 4 min, on a metal block placed in a dry bath. Immediately after formamide
treatment (antigen retrieval), the section was washed twice witthited antibody
dilution buffer at 4°C using 200L of buffer for 30 s/wash.. Antibody dilution buffer
consisted of nfPBS with 1% normal goat serum and 0.1% Triton X-100 (Sigma#Aldric

and was formulated to reduce background staining and to enhance antibody penatrati
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the tissue. Washing the section with ice chilled buffer immediatelyfafteiamide
treatment was essential to prevent re-annealing of denatured DNA.&pne-st
immunostaining was performed using mouse monoclonal anti-BrdU antibody conjugated
to Alexa 488 fluorophore (Clone PRB-1, Invitrogen, Carlsbad, CA) at 1:10 dilution in
antibody dilution buffer for 5 min at RT in the dark. The section was then briefly @ashe
with 200puL of nfPBS (twice for 10 s each), counterstained with 10@f propidium

iodide (2.5ug/uL in NnfPBS) for 20 s, and rinsed in 200 of nuclease-free water twice

for 10 s each (counter staining with propidium iodide permitted visualization of &l nuc
in the tissue section). The slide was dehydrated in freshly preparedliagce
concentrations of ethanol: 70% for 10 s, 95% for 10 s, 100% for 10 s and 100% for 1
min. The slide was air dried at RT in the dark for 5 min before sample acquasition

total RNA isolation.

To assess RNA quality, whole immunostained tissue sections were |yhetavi
manufacturer’s lysis buffer and total RNA was isolated using an RNeasy kiticr
according to the protocol for the purification of total RNA from microdissected
cryosections (Qiagen, Valencia, CA). The optional on-column DNase digestion was
performed as described by manufacturer (Qiagen). Quality and quarfityfofvere
evaluated using a Bioanalyzer (Agilent Technologies, Wilmington, DE), and a
comparison was made between the RNA isolated from immunostained versus unstained
cryosections. The RNA integrity number (RIN) generated by analysisef#qgil
Bioanalyzer) of the RNA electropherogram provided an objective measurefof RN

quality (Fleige and Pfaffl, 2006; Schroeder et al., 2006).
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Applicability of the protocol to other nuclear antigens (not specifically DN&g w
tested using indirect immunolabeling and bright field microscopy in the presathce a
absence of 70% formamide, our antigen retrieval agent. Test antibodies wagyerest
receptoro (ERa) and Ki-67. Because of the preliminary nature of this test, an indirect (2-
step) immunostaining protocol was used and RNA quality was not evaluated after
staining. For ER labeling, slides were incubated with mousextgRtibody (Clone c-
311, Santa Cruz Biotechnology, Santa Cruz, CA) used at a concentration pd/I0in
antibody dilution buffer for 10 min at RT. Similarly, for Ki-67 labeling, slicese
incubated with prediluted mouse Ki-67 antibody (Clone MIB-1,Invitrogen) for 10 min at
RT. Slides were then incubated with horseradish peroxidase conjugated broad spectrum
secondary antibody (SuperPicture HRP Polymer Conjugate Broad Spdatvitragen)
after brief washings with PBS. Positively labeled cells were visdlwath the 3,3'-
diaminobenzidine (DAB) reaction (2-3 min incubation) and then rinsed in water. Slides
were counterstained with hematoxylin for 30 s and washed briefly with aadethen
PBS (Counter staining with hematoxylin permitted the visualization of &l icethe
tissue section; immunostained nuclei appear brown and non-labeled nuclei appear blu
Finally, slides were dehydrated in ascending grades of ethanol and viewedHtyield

microscopy.

3.3 Results and Discussion

Identification and isolation of immunophenotypically different cells from
morphologically indistinguishable cell populations and subsequent chazatiariof
their transcriptome profiles requires successful immunostaining aladies of good

guality RNA from the same cryosection. All steps of the immunostaining methred we
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optimized to ensure acceptable tissue morphology, consistent BrdU staining, and good
RNA quality. Because the immediate application of this protocol was foticsolaf
BrdU-labeled cells using laser microdissection and subsequent trams&righalysis, the
slides were viewed without coverslips and digital micrographs were captumgdaus
Leica AS-LMD laser microdissection system (Leica MicrosysterasnBckburn, IL).
The initial fixatives tested resulted in tissue morphology of variabletyw@eldd low RNA
guality and quantity (Figure 6A and B; only representative micrographsesened
among all fixatives tried). Similarly, several antigen retrievahtgeere evaluated and
resulted in morphology and RNA quality that varied according to the retrievatl age
tested (Figure 6C; only 1 micrograph from all antigen retrieval ageititdly tested is
depicted). The newly developed ACEPEG fixative and 70% formamide in nfPBS as
antigen retrieval agent yielded good morphology and immunostaining (FB)réJse
of a fluorescently conjugated primary antibody simplified immunostainirdy, a
minimized protocol time and RNA degradation. The BrdU-labeled cells Wentified
using an Alexa 488-conjugated mouse monoclonal anti-BrdU antibody and
counterstained with propidium iodide (Figure 6E). The 4’,6-Diamidino- 2-phenyéndol
(DAPI) or Hoechst stains were not used as nuclear stains because thieypetget
naphthalate membrane fluoresced with excitation—emission characsettsti were
similar to those for these stains.

Retention of RNA quality (assessed by increase in RIN value) was adtogve
addition of RNase inhibitors to the antibody incubation buffer (Figures 7A, B, C, and D)
and exposure to agueous buffers was limited to a total of 15 min. Antibody incubation

time was limited to 5 min to minimize RNA degradation, but less than a 5 min irmubat
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Figure 6. Effects of selected fixatives and antigen-redtiagents on tissue morphology
and bromodeoxyuridine (BrdU) staining.

A) Acetone-fixed cryosection permitted good BrdU staining (arrows) wbepled with
70% deionized formamide as antigen retrieval agent. B) Methanol-polyetigligrol
(UMFIX)-fixed section resulted in good BrdU staining when coupled with 70%
deionized formamide as antigen retrieval agent; UMFIX provided betsepation of
stromal tissue compared with acetone-fixed sections. C) Deoxyribonutlémskes to
expose BrdU in the current protocol, contrary to expectation. D) Acetone-pograthyl
glycol (ACEPEG) fixation and formamide antigen retrieval provided antefésfixative
and antigen retrieval agent, yielding good morphology. Section was countetst#ime
hematoxylin to stain all nuclei blue. E) Cryosection, fixed with ACEP&®teeated

with 70% formamide, was labeled with Alexa 488-conjugated anti-BrdU (green; arrow
indicates labeled nucleus of epithelial cell) and counterstained with propioldide i(red
nuclei). This was the optimal protocol, providing good morphology, immunostaining and
best RNA quality (see Figure 7F for RNA quality). Inset shows the highlidrid-
positive epithelial cell at greater magnification. Scale bar =b00
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resulted in inconsistent immunostaining. The adverse effect of longer imcubiates on
RNA quality was consistent with the findings of Fend and coworkers (Fend et al., 1999)
To successfully utilize a short incubation time, a high concentration of antib&dy wa
employed as suggested for staining tissues for laser microdissectioak@vhi, et al.,
2000). The dilution used for BrdU antibody (1:10) was titrated for our system. Finally,
the quality of RNA from tissue sections that were immunostained usirggptimized
protocol (outlined in Materials and Methods) was analyzed and compared witNg&e R
from fixed but unstained tissue sections (Figure 7E and F; Figure 7F corregponds t
micrograph in Figure 6E). RNA quality was high for both the stained and unstained
sections. Furthermore, the utility of the isolated RNA for gene expressabyss was
tested using quantitative reverse transcription-PCR. Successful aatpiii of genes

with reverse transcriptase quantitative PCR (RT-gPCR) using genécspamers
confirmed good quality of RNA (data not shown). To obtain a preliminary evaluation of
the efficacy of the antigen retrieval with 70% formamide for detection of odlielar
antigens, tissue cryosections were stained far &@Ri-67, with or without formamide
treatment.

The ERx staining was restricted to mammary epithelium, consistent with previous
results (Capuco et al., 2002), and Ki-67-labeled cells were primarily seen inanamm
epithelium (Figure 8). Convincingly, more kRabeled cells were seen in formamide-
treated slides (Figure 8A) than in PBS-treated slides (Figure 8B). lcexdormamide
enhanced overall tissue morphology of cryosections with clear nuclear stainmigr Si
findings were observed with Ki-67 staining; with formamide increasing detect Ki-

67-stained cells (Figure 8C) in comparison with a control slide having no formamide
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Figure 7. Electropherograms of total RNA obtained from stained seria s&stions.

Effect of incorporating RNase inhibitor in incubation buffer on RNA quality wstede
and is depicted in comparison with fixed, unstained sections and sections stained with the
final optimized protocol.

A) No RNase inhibitor; RNA integrity number (RIN) = 2.1.

B) One unit of inhibitor (RNasin plug)L; RIN = 4.7.

C) Two units of inhibitoniL; RIN = 5.0.

D) Three units of inhibitoplL; RIN =5.7.

E) RNA isolated from acetone-polyethylene glycol (ACEPEG)-fixed,aimst

slide from different serial sections yielded a maximum RIN = 7.2.

F) Optimized protocol with ACEPEG-fixed, stained sections yielded RIN = 7.1
(micrograph provided in Figure 1D).

Both panels E and F had similar RIN, indicative of good-quality RNA.

Migration of 18S and 28S ribosomal RNA is depicted.
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Figure 8. Serial cryosections of bovine mammary gland stainédesitogen receptar
(ERa) and Ki-67 antibody.

A) Immunostaining with ER antibody in formamide-treated cryosection. Good tissue
morphology and improved ERabeling (more intensely labeled nuclei in terminal ductal
units) were evident in formamide-treated sections.

B) Immunostaining with ER antibody in PBS treated cryosection.

C) Immunostaining with Ki-67 antibody in formamide-treated cryosectioned@ssue
morphology and more Ki-67-labeled cells were noted in formamide-treatéohsect

D) Immunostaining with Ki-67 antibody in untreated cryosections.

Scale bar = 100m. Arrows indicate examples of labeled nuclei in each panel.
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treatment (Figure 8D). This provided suggestive evidence for the applicabiity of
protocol to other non-DNA-specific nuclear antigens. The RNA integrity mvitiese
stained sections was not evaluated.

In conclusion, a rapid nuclear immunostaining method was developed with BrdU
as the main antigen of study for bovine mammary cryosections. The method resulted in
clear localization of BrdU-labeled cells and retention of good-qualith RNNhe stained
sections. This was achieved by fixation in ACEPEG, antigen retrieval with 70%
formamide, and brief antibody incubation in the presence of RNase inhibitors. This
protocol also resulted in clear localization of two other nuclear antigensaiRKi-67,

in cryosections.

This chapter is a modified version of the manuscript that was published in a peer-
reviewed journal:
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Chapter 4: Mammary stem cells: Molecular profiling to
identify novel biomarkers and the stem cell niche

Abstract

Mammary stem cells (MaSCs) account for the cell lineage of mamrpingka
and provide for mammary growth, development and tissue homeostasis. Previous
molecular characterizations BfaSCs have utilized fluorescence-activated cell sorting or
the in vitro cultivation of cells from enzymatically dissociated tissue tekefor MaSCs.
However, utilization of these approachmesessitates the loss of histological information
encoding the in vivo locale of MaSCs and theore committed progenitor cell progeny.
Here we report use of an alternative approach, laser microdissectionist mxtative
MaSCs and control cells from their in situ locationsnyosections and to characterize
the molecular properties of these célite identified MaSCs based upon their ability to
retain bromodeoxyuridine for an extended period. Using laser microdissection, we
isolated four categories of cells from mammapythelium of female calves:
bromodeoxyuridine label retaining epithelial cells (LREC) from basaECBE and
embedded layers (LRECe), and epithelial control cells from basal (ECb) ded dea
layers (ECe). Enriched expression of genes in LRECb was associatetewitbedl
attributes and with Wnt, Notch and MAPK pathways of self-renewal and peadider
Genes expressed in LRECe revealed retention of somdikeeproperties along with
up-regulation of differentiation factors and the Notch pathway involved in lineage
commitment.The basal epithelium provided for the stem cell niche, characterized as a

microenvironmentwhose cells expressed numerous survival and proliferation factors,

39



growth suppressors and chromatin modifi€sr data suggest that LREC in the basal
epithelial layer are MaSCs, as these cells showed enriched expressioaftge
impart stem cell attributes; whereas LREC in suprabasal epithgkatlare more
committed progenitor cells, expressing some genes that are assodiatsnv cell
attributes along with those indicative of cell differentiation. Our resultagea
molecular profile and novel candidate markers, evaluated by immunohistoclyefoist
bovine MaSCs. Insights into the biology of stem cells will be gained by further
confirmation of candidate MaSCs markers identified in this study. Genes egaadli
surface markers may prove useful for future isolation and investigation a€$1aS

properties and their regulation.

Key words: mammary stem cell, laser microdissection, microarray
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4.1 Background

In female mammals, growth and development of mammary glands occur
primarily postnatally, with mammary function in the mature animal beitdlyigoupled
to reproductive strategy. This dictates cycles of mammary growth,efffation,
lactation and regression, during which MaSCs provide for the lineages of lumenal and
basal (myoepithelial) epithelial cells in the ducts and alveoli. Although mice have
provided the primary model for study of mammary growth and development, a single
model species cannot provide comprehensive knowledge. Because mammary glands of
prepubertal calves have a tissue architecture resembling that of the prépulvesia
breast more closely than does mouse (Capuco et al., 2002), cows provide an alternative
experimental model for human breast development and a viable model for othes.speci
Increased knowledge of MaSCs is directly applicable to agriculture amidvieéopment
of management schemes to enhance the lifetime productivity of dairy cows.

A method that has been used to identify MaSCs is based upon the capacity of
these cells to retain bromodeoxyuridine (BrdU) labeled DNA for an extended per
(Capuco, 2007; Smith, 2005). We previously reported that label retaining epithédial cel
(LREC) in the mammary epithelium of calves were localized in the basal(l#yECDb)
or in the embedded (LRECe) layers between the basal and lumenal cells of a
multilayered epithelium (Capuco, 2007; Capuco et al., 2009). LRECb were estrogen
receptore. (ESR1) negative and hypothesized to be MaSCs, whereas ESR1-positive
LRECe were hypothesized to be progenitor cells. The estrogen receptsro$tlaSCs

is of considerable interest because of the importance of estrogens for Maga@hfunc
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mammary ductal growth, and tumorigenesis. MaSCs of mouse and human are ESR1-
negative (Anderson and Clarke, 2004; Sleeman et al., 2007).

Morphological evidence suggests that MaSCs are basally localized within the
mammary epithelium, typically underlain by cytoplasmic extensions tiedjail cells
and in close proximity to ESR1-positive epithelial cells (Brisken and Duss, 200y Smi
and Chepko, 2001). However, MaSCs have not been fully characterized due to technical
limitations inherent in stem cell identification and in isolation of cetismifiknown
locations within the mammary epithelium. Based on fluorescence-activdlesoting
with multiple biomarkers and use of mammary transplantation methods to evaluate
multi-lineage potency, Shackleton, Stingl and colleagues obtained and clizedcte
population of cells, from enzymatically dispersed mammary tissue, thansiabed for
MaSCs (Shackleton et al., 2006; Stingl et al., 2006). Critical to success of tlnacppr
was use of markers to deplete the population of hematopoietic (CD45 and TER119) and
endothelial cells (CD31), as well as markers to select epithelial (€129, CD24),
likely from a basal location. Another approach involved characterization of mgmma
epithelial cells that possess multipotency potential (MaSCs) in vitro (Batral., 2003).
These previous studies evaluated MaSCs after removing them from their Bteicheg
i.e. the microenvironment of surrounding signaling molecules and other noncellular
components that support stem cell function and survival. We have taken an approach that
retains histological information by characterizing gene expressipatative MaSCs
directly after their in situ excision.

In the present study, putative stem and progenitor cells (LREC) werdigtenti

and excised from cryosections using laser microdissection. LREC and neighboring
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epithelial control (non-LREC) cells were excised from two differenttiona: basal and
embedded layers of the mammary epithelium. We hypothesized that LREMbS@s
and LRECe are more committed progenitor cells, and that by comparing the
transcriptomes of these cells with neighboring control cells we would obtaicutarle
profiles and biomarkers for MaSCs and progenitor cells. Results support thedeebgpot

and provide novel candidate markers for MaSCs.

4.2 Materials and Methods

Experimental animals and mammary tissue

Use of animals for this study was approved by the Beltsville Agricultural
Research Center's Animal Care and Use Committee. A flow chart bbawbgy for
identification, isolation and characterization of LREC is provided in Appendix&id.
Tissues were obtained from five Holstein heifers, 3 months of age. Heifersyeeted
intravenously with BrdU (Sigma-Aldrich Co., St. Louis, MO) for 5 consecutive d. BrdU
was administered in a saline solution containing 20 mg BrdU/mL (0.9% sodium chloride;
pH 8.2) at a dosage of 5 mg/kg body weight, as described previously (Capuco, 2007).
Heifers were sacrificed humanely (stunning with captive bolt and exsatigojna the
Beltsville Agricultural Research Center abattoir forty-five dratte last BrdU injection.
Mammary tissue (~5x5x5 nifnwas collected from the outer parenchymal region (region
in close proximity to the border with mammary fat pad) of a rear mammarg.gla
Individual samples were immediately embedded in OCT compound (Sakura, Torrance,
CA, USA), frozen in liquid nitrogen vapor and stored at -80°C until use. Cryosections of
8 um thickness were thaw-mounted on ultraviolet-irradiated PEN slides (Leica AS

Wetzlar, Germany) and stored at -80°C until BrdU immunostaining and laser
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microdissection within 8 d. Mammary tissues harvested for histological vahdzt
microarray data were fixed overnight in 10% neutral buffered formalin at 4°C and the
stored in 70% ethanol until further processing. Tissues were then dehydrated and
embedded in paraffin according to standard techniques, sectiongcthahickness and
placed onto Superfrost—plisslides (Erie Scientific Co., Portsmouth, NH, USA).
BrdU immunostaining to identify putative MaSCs

Putative MaSCs were identified as those cells in cryosections thaeteBrdU
label, visualized using an optimized method for BrdU immunostaining that retaids RN
guality in tissue cryosections (Choudhary et al., 2010a). Sections were individually
processed immediately before laser microdissection. The cryosectianfxeerin
acetone/polyethylene glycol 300 (9:1 v/v) at -20°C for 2 min and air dried for 1 min and
then incubated with 0.5% methyl green for 2 min at RT. After a brief wash (1&hs) wi
nuclease-free phosphate buffered saline (nfPBS)pu#4@f a pre-warmed solution of
70%, deionized formamide in nfPBS was pipetted onto the tissue and the section
incubated at 60°C for 4 min. The section was washed with antibody dilution buffer
(nfPBS with 1% normal goat serum and 0.1% triton-X 100) at 4°C on a metal plate kept
on ice to prevent re-annealing of DNA strands and then incubated with mouse
monoclonal anti-BrdU antibody conjugated to Alexa 488 (Clone PRB-1, 1:10 dilution,
Molecular Probes, Carlsbad, CA, USA) for 5 min at RT in the dark. The section was
washed briefly before counterstaining with propidium iodide @&/&L in nfPBS).
Finally, the slide was washed with nuclease-free water (10 s), deldydraecending

concentrations of ethanol and air dried before laser microdissection.
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Laser microdissection and cDNA amplification

Immediately after staining, sections were examined and cells exadtbed laser
microdissection system equipped for epifluorescence microscopy (LeitMBS-
Mannheim, Germany). The laser setting was determined empirically ssettion
performed using the 40X objective. We dissected 6 to 13 cells (equivalent to 3 to 7 cells
by volume) per category per heifer. For each animal, cells in a giverooategre
collected into the cap of a 0.2 mL thin walled PCR tube (Biozyme ScientifliH;iess
Oldendorf, Germany). Total processing time for immunostaining and microiligsec
was less than one hour, and only one slide was processed at a time. Four categories of
cells were dissected: LREC from basal (LRECb) and embedded layer€€)Rind
epithelial control cells from basal (ECb) and embedded layers (ECe). Ghils tive cap
were dissolved in 2 pL of lysis buffer (WT-Ovation™ One-Direct RNA Amgdifion
System; NUGEN Technologies, Inc. San Carlos, CA, USA). The tube was capped and
centrifuged for one min at 13000 rpm, after which the tube and contents were vortexed
gently for 30 s and centrifuged briefly before placing on ice. First strand cfyNihesis
and amplification reaction was carried out using Ribo-SPIA-based methgdolog
according to the manufacturer’s recommendations (NUGEN). Concentrations of
amplified cDNA were determined spectrophotometrically (ND-1000, NanoDrop
Technologies, Rockland, DE, USA). A known amount of high quality RNA (250 pg) was
used as positive control for cDNA amplification. Nuclease-free wateuses as a no-
template control for cDNA amplification. The amplified cDNA was evadatsing
RNA Nano-chips to estimate the median fragment size (Agilent Techns|d&ta® Alto,

CA, USA). Median fragment size for amplified samples was similar to thayeosit
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control and fell within the expected range of 100-300 bp, whereas products for the no-
template control were <50 bp.
Microarray analysis

Oligonucleotide microarray analysis was performed using a custom bovine
microarray (Nimblegen, Inc., Madison, WI, USA) as described previously éli,e
2006). The bovine microarray consisted of 86,191 unique 60-mer oligonucleotides,
representing 45,383 bovine sequences. After hybridization, scanning, and image
acquisition, the data were extracted from the raw images using NimbleStvaarsof
(NimbleGen). A total of 21 microarrays (5 animals x 4 categories of cetlsy@
template amplification control) were used. Relative signal intengitig®) for each
feature were generated using the robust multi-array average latgghiizarry et al.,
2003) and data were processed based on the quantile normalization method (Bolstad et
al., 2003). Fold-changez=and P< 0.05 were used to identify transcript abundance that
differed among cell categories. Use of fold change and less stringent Pwialfidnas
been reported to provide for consistent results and relevant biological patmagsis
(Guo et al., 2006). Genes that were differentially expressed were subjelrtgdrtoity
pathway analysis (IPA, Ingenuity Systems, www.ingenuity.com). IRAolegical data
analysis software in which expression data differentially expressed,ggiter
preliminary background corrections and statistical analysis, aratfethie Ingenuity
knowledge-based systems. IPA uses its knowledge base to build a network of genes with
their interactions and identifies significant molecular and biologicaioakhips. Known
gene interactions are derived from curated literature. Significare®iofogically

relevant network of genes is expressed in IPA score, which is derivedPfraiue and
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indicates likelihood of the focused genes in a network being found together due to
random chance. The IPA score is expressed as the negative log of the Phaldatal
discussed have been deposited in NCBI's Gene Expression Omnibus (Edgar et al., 2002)
and are accessible through GEO Series accession number GSE31541

(http://www.ncbi.nlm.nih.gov/geo/qguery/acc.cqi?acc=GSE31541

Brightfield immunohistochemistry

Paraffin sections were dewaxed in xylene and hydrated in a graded $eries o
ethanol to phosphate buffered saline (PBS, pH 7.4). Tissue sections were quenched with
3% H,O, in PBS for 10 min and then washed in PBS. Antigen retrieval was performed by
incubation with 70% formamide in PBS at 60°C for 5 min, or microwave heating in 10
mM Tris containing 1 mM EDTA, pH 9.0 (5 min heat, 5 min rest, 5 min heat, 25 min
cooling). Sections were blocked with casein (CAS-bil¢cknvitrogen, Carlsbad, CA,
USA). Primary antibodies NR5A2, NUP13 and HNF4A (Abcam Inc. Cambridge, MA,
USA) were used at 1:200 dilution and FNDC3B (Santa Cruz, Santa Cruz, CA, USA) at
1:50. Sections were incubated with primary antibody for 2 h at RT or overnight at 4°C.
After washing in PBS, sections were incubated with horseradish peroxidase-t&shjuga
broad spectrum secondary antibody (ImMmPRESS anti-mouse/anti-rabbit, Madasor
Burlingame, CA, USA). Positively labeled cells were visualized brown gi@using
3,3’-diaminobenzidine or ImMmPACT VIP (Vector Labs), respectively. Slidagw
washed and then counterstained with hematoxylin or methyl green.

To determine if cells expressing FNDC3B were LREC, dual antigenngbels
performed. Tissue sections were processed as described earlier ancetheuttamouse

monoclonal BrdU antibody (Clone BMC 9318u@/mL; Roche Diagnostics Corp.,
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Indianapolis, IN, USA) for 2 h at RT. Sections were then incubated with vector
IMMPRESS anti-mouse polymer detection reagent (Vector Labs) for 2@oftoved by
washing in PBS. BrdU was detected by incubation for 10 min with the chromagen 3,3’-
diaminobenzidine. Sections were then washed in deionized water. Peroxidase acti
was quenched for a second time with 3%in PBS, followed by washings with water.
Sections were blocked with casein and then incubated overnight at 4°C with FNDC3B
rabbit polyclonal antibody (1:50 dilution), washed and then incubated with InmPRESS
anti-rabbit polymer detection reagent (Vector Labs) for 20 min. Sectiomswashed

with PBS and FNDC3B staining was visualized after incubation with a contrase purpl
chromogen, ImMmPACYIP peroxidase substrate (Vector Labs). Sections were washed in
deionized water, counterstained with 0.5% aqueous methyl green (Vector Labs),
differentiated in 0.05% acetic acid/acetone, washed and dehydrated in ethared, idlea
xylene and mounted in DPX (Sigma). Sections in which primary antibodies wetedmi

served as negative controls.

4.3 Results and Discussion

Transcriptomes of LRECb versus ECb

To evaluate the hypothetical stem cell nature of LRECb, we compared the
transcript profiles of LRECb vs. neighboring control cells (ECb). Out of 611 g&82s
identified and mapped to corresponding genes of IPA database (Appendix Table 1).
Enriched expression of 387 genes in LRECb were involved in pathways linked to cancer,
cell growth and proliferation, organism survival, cell cycle, and post-translational
modifications (Appendix Table 5). A number of genes with documented relevance to

MaSCs were identified in this analysis. Low expression of ESR1 and high eapreks
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aldehyde dehydrogenase 3B1 (ALDH3B1) in LRECb were consistent witiCMaS
character. Similar to the situation in mouse and human, bovine MaSCs appear to be
ESR1-negative (Capuco et al., 2009), and aldehyde dehydrogenase adtibgehaised
as a stem and progenitor cell marker in several tissues, including mamniaraty g
(Douville et al., 2009). Increased abundance of HNF4A, NR5A2, NUP153 and FNDC3B
MRNA and decreased abundance of X-chromosome inactivation factor (XIBRE@b
are noteworthy (Appendix Table 1). Hepatocyte nuclear factor (HNFAA)iver stem
cell transcription factor (Battle et al., 2006; Delaforest et al., 2011), and NRBA2 is
pluripotency transcription factor analogous to OCT4 (Heng et al., 2010). LaclSofiXI
LRECD is consistent with MaSCs identity, as absence of XIST expression aXdSdw
expression have been associated with hematopoietic stem and progenitor cells,
respectively (Savarese et al., 2006). Transcripts of several genestimaoéred in
epigenetic modification of chromatin were also enriched in LRECb. Relat&€b,
LRECDb expressed a greater number of transcription regulators, zinc famgensiclear
transporters (e.g., NUP153, IPO13). Overall, the transcriptome profiRBCD is
consistent with expectations for MaSCs. Further evidence in support of the Btem ce
nature of LRECb comes from biological pathway analysis of differepeaibressed
genes. Ingenuity Pathway Analysis of genes that were diffedgraigressed in LRECb
and ECDb revealed biological processes and networks that were highly signiffeant. T
most significant networks associated with LRECD related to cellubatgrand
proliferation (Figure 9A, IPA score = 58), and cell cycle and posttramsédti

modification (Figure 9B, IPA score = 34). The network of cellular growth and
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Figure 9A. Network of cellular growth and proliferation: Ingenuity Pathway Ksia
(IPA) on genes differentially expressed in LRECDb vs. ECh.Gtvagsvere differentially
expressed in LRECb vs. ECb were imported into IPA software, whaebated the
involvement of several networks pertinent to LRECb. Network (A) pesteo cellular
growth and proliferation and shows a single module with HNF4A dtubs Red color
denotes up-regulation in LRECb and green color denotes down-regulationE@bLR
relative to control cells. The IPA legend is shown in Appendix Figure 2.
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Figure 9B. Network of cell cycle and post-translational moditfon: Ingenuity Pathway
Analysis (IPA) on genes differentially expressed in LRECbBGb.Genes that were
differentially expressed in LRECb vs. ECb were imported into #d#&ware, which
revealed the involvement of several networks pertinent to LRECb. Ne{Bbrelates to
cell cycle and post translational modification. Red color denotesgidation in LRECb

and green color denotes down-regulation in LRECb relative to cordlisl dhe IPA
legend is shown in Appendix Figure 2.
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proliferation (Figure 9A) contains a single module with HNF4A, up-regulated EQR
as the hub. Down-regulation of developmental genes like SIX2 and XIST suggests that
LRECDb are undifferentiated cells. KEGG pathway analysis using DAMIang et al.,
2009) revealed that genes which were differentially expressed in LRECb v¢FEE,
BRAF, ATF4, CREBS3, GLK, HSPA8,TAOK3, CDC25B) were components of the
MAPK pathway, a pathway involved in cellular growth and proliferation, and
components of the Wnt (Dvl, PPP2R5E, SMAD4) and BEFST and SMADA4)
pathways, which are associated with stem cell renewal (Esmailpottuemd), 2008;
Mazumdar et al., 2010).
Transcriptomes of LRECe versus ECe

Comparison of transcriptome profiles of LRECe and neighboring ECe identified
101 functionally identifiable genes that were differentially expressed (Appé&atiie 2)
and supported classification of LRECe as progenitor cells. The mosicaghifietwork
associated with these genes was related to cancer (Figure 10A oirA=g1), followed
by a network associated with DNA replication, recombination and repaimréF1guB,
IPA score = 36) that contained an HNF4A module. Conservation of the HNF4A module
in LRECe and LRECb suggests a hierarchical similarity between ERiEG LRECDb;
although HNF4A transcripts were not significantly up regulated in LRECe armd gen
involved in this module differed between the two categories of LREC. Enriched
expression of NR5A2, NUP153 and FNDC3B in both LRECe and LRECb (vs. ECe and
ECb, respectively) provides another line of evidence for the similarity B0_.R basal

and embedded epithelial layers. NR5A2 is a pluripotency factor, and NUP153 and
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Figure 10A. Network of cancer: Ingenuity Pathway AnalysisAfIPon genes
differentially expressed in LRECe vs. ECe. Genes that wéieretitially expressed in
LRECe vs. ECe were imported into IPA software, which revediedirtvolvement of
several networks pertinent to LRECb. Network (A) relates twe&a Red color denotes
up-regulation in LRECe and green color denotes down regulation in LRE&&e to

control cells. The IPA legend is shown in Appendix Figure 2.
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Figure 10B. Network of DNA replication, recombination and repair: Inggmathway
Analysis (IPA) on genes differentially expressed in LRECe vs. ECesGbhatwere
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revealed the involvement of several networks pertinent to LRECb. Network (Binser
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denotes up-regulation in LRECe and green color denotes down regulation in LRECe
relative to control cells. The IPA legend is shown in Appendix Figure 2.
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FNDC3B have been characterized as markers of proliferation and gedition. KEGG
pathway analysis of transcripts that were up-regulated in LRECe vaudt@eDAVID
(data not shown) identified upregulation of Wnt pathway (Dvl, PP2A, CaMKII) anal acti
cytoskeleton pathway (GPCR, CALMKII).
Transcriptomes of LRECb versus LRECe

To evaluate the relative characteristics of LRECb and LRECe, tigingiafiles
for these cells were compared. We identified 274 genes that were difféyeataiessed
in LRECb vs. LRECe (Appendix Table 3). The molecular profile of LRECb included
increased abundance of transcripts for stem cell markers (NR5A2, NESyrealal
and proliferation factors (IGF2, FGF2, FGF10, HSPB6, LAMC1) and DNA repair
enzymes (EXO1, MSH60, MDC1). Relatively high expression of stem cell markers
growth and survival factors, DNA repair enzymes and low expression of apopt@s gen
and differentiation markers supported greater “stemness” of LRECb v &R
addition, enriched expression of cell adhesion molecules (CADM3, NCAM, AOC3),
growth factors (CSF3, FGF2, FGF10, FST, IGF2, IL33, MESDC2, AGT), and a number
of cell surface markers (ANX46, CPRC5, CXCR4, DRD2, GNB4, GRB14, SDPR,
THY1/CD90, TRIB2) were noted in LRECb. The LRECe were characterizau€ D)
by increased expression of XIST, splicing factor arginine/serimesr(SFRS5), THAP
domain containing apoptosis associated protein 3 (THAP3), and calcium/calmodulin-
dependent protein kinase Il delta (CAMK2D). Increased expression of glenaiabolic
enzymes, glucose phosphate isomerase (GPI) and UDP-glucose pyropHasptry
(UGP2) were also characteristics of LRECe. Additionally, KEGG pattemalysis

revealed upregulaton of the Notch pathway (Dvl, CAMK2D) in LRECe. The most
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Table 2. Top 10 up-regulated and down-regulated genes in LRECb vs. LRECe

Gene | Chromosome Gene summary
Symbol
Up-regulated in LRECb
FBX0O34 14 Members of F-box proteins, act as protein-ubiigligase
USP15 12 Ubiquitin, a highly conserved protein involvedthe regulation of
intracellular protein breakdown, cell cycle regidat and stress
response, is released from degraded proteins hgsimbly of the
polyubiquitin chains.
RPS7 2 This gene encodes a ribosomal protein that @gonent of the 40S
subunit. The protein belongs to the S7E familyilbdsomal proteins.
CFL1 11 Cofilin is a widely distributed intracellulartaemodulating protein
that binds and depolymerizes filamentous F-actin
COLIA2 This gene encodes the pro-alpha2 chain of typddgen whose triple
helix comprises two alphal chains and one alphathch
RRN3 16 Biogenesis, proliferation, apoptosis, survival
HSPB6 HSPBS6 is associated with actin, response to heat
TRIB2 2 An oncogene that inactivates the transcriptiatoiaC/EBPalpha
(CCAAT/enhancer-binding protein alpha) and causesea
myelogenous leukemia.
NUP153 6 Epigenetic role in modifying chromatin structures
LAMC1 1 Laminins, has a wide variety of biological prasesincluding cell
adhesion, differentiation, migration, signalinguriee outgrowth and
metastasis.
UP-regulated in LRECe
XIST X The XIST gene is expressed exclusively from th€ ¥f the inactive X
chromosome.
C170RF49 19 Unknown
SFRS5 14 Nuclear mRNA splicing, via spliceosome; mRNAigpkite selection;
RNA splicing; regulation of cell cycle
THAP3 An apoptosis associated protein 3, Function unknow
STK11IP 2 Serine/threonine kinase 11 interacting proteimdion unknown
UGP2 2 The enzyme transfers a glucose moiety from glkerdephosphate to
MgUTP and forms UDP-glucose and MgPPi. In liver amascle
tissue, UDP-glucose is a direct precursor of glgengn lactating
mammary gland it is converted to UDP-galactose wigdhen
converted to lactose.
SLC3A2 11 This gene is a member of the solute carrierlfaand encodes a cell
surface, transmembrane protein
EIF4E3 3 EIF4ES3 belongs to the EIF4E family of translatibimitiation factors
that interact with the 5-prime cap structure of niR&hd recruit
mMRNA to the ribosome
CAMK2D 4 The product of this gene belongs to the serinagtiine protein kinase
family and to the Ca(2+)/calmodulin-dependent grokénase
subfamily.
CPEB1 15 Members of this protein family regulate trarskaiof cyclin B1 during

embryonic cell divisions.
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significant network associated with genes that were differentigtiyessed in LRECD vs.
LRECe was related to tissue development, cell growth and proliferation (FigiyéPIA
score = 43). This network showed up-regulation inLRECb of HIP1, which may be
required for differentiation or survival of somatic progenitors, and TRIB2, which
modulates signal transduction pathways and may promote growth of mouse myeloid
progenitors. This was followed by a network associated with tissue injyyré11B,
IPA score = 34), featuring up regulation of a heat shock protein module in LRECb. The
top three canonical pathways associated with LRECDb vs. LRECe pertained ftotiee m
roles of polo-like kinases, cleavage and polyadenylation of pre-mRNA, and chemokine
signaling. Polo-like kinases are key centrosome regulators. Asymitoeglzation of
polo-kinase promotes asymmetric division of adult stem cells (Rusan and P@(féy.
Transcriptomes of ECb versus ECe

Epithelial cells isolated from basal and embedded layers exhibited tphost
profiles that were consistent with their location. Analysis identified 318 ghatwere
differentially expressed (Appendix Table 4), 267 of which were functionalhtifcible.
Among these, ECb expressed increased transcript levels for cell struntirabslity
genes, including actin (ACTA2), myosin (MYL12A, MYQOG6), tropomyosin (TPM4),
catenin, tubulin, titin (myosin head adaptor protein), spectrin (actin cross lirdaffgld
protein) and tetraspanin 31. Transcripts for JAG-1 (a ligand of Notch pathwayléibrr
growth factors (FGF1, FGF2, FGF10), insulin like factor-2 (IGF2), taliis (FST), and
IGF2 were enriched in basal epithelial cells. The enriched expressiongsfnrig
within ECb was consistent with its use as a marker to isolate MaSCs (Sbacklal.,

2006), most likely to enrich the sorted populations of basal epithelial cells. Addiionall
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Figure 11A. Network of tissue development, cell growth and proliteraingenuity
Pathway Analysis (IPA) on genes differentially expressed in LRECbRECe.

Genes that were differentially expressed in LRECb vs. LRECe were gdpato IPA
software, which revealed the involvement of several networks pertinent to LRECD.
Network (A) pertains to tissue development, cell growth and proliferation. Red color

denotes up-regulation in LRECb and green color denotes down-regulation in LRECb
relative to control cells. The IPA legend is shown in Appendix Figure 2.
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Figure 11B. Network of tssue injury featuring heat shock protdd®&P§): Ingenuity
Pathway Analysis (IPA) on genes differentially expressed in LRECbRCe.

Genes that were differentially expressed in LRECb vs. LRECe were gdgato IPA
software, which revealed the involvement of several networks pertinent to LRECD.
Network (B) is associated with tissue injury and contains a heat shock protein module
that was up-regulated in LRECb. Red color denotes up-regulation in LRECb and green
color denotes down-regulation in LRECb relative to control cells. The IPA legend is
shown in Appendix Figure 2.
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a number of heat shock proteins (HSAA8, HSPA4, HSP90AB1, HSP90A1), peptidases
(USP4, USP16, USP54, PRSS3, TTN, PSMD14, MME, PDIA3), ribosomal proteins,
translational regulators, components of the ECM and its regulators (collafeAB>5,

FBN, FSTL1, CHAD, ERBB2IP, SPARC), and tumor suppressors (MTSS1, Myc binding
proteins) were also up-regulated in ECb. However, transcripts of membrane tiensspor
(AP1M1, APOE, AQP7, SLC13A3, SLC38A3, TMED3, CLCN3) were more highly
expressed in ECe than ECb. Thus, control cells harvested from basal and embedded
layers within the mammary epithelium possess different character@edeat two

distinct cell populations. To understand key biological processes occurring irabdsal
embedded epithelium, we utilized Ingenuity pathway analysis (IPA) to gfergene
networks and canonical pathways for genes that are differentially expledseen ECb
and ECe. All identified networks (Networks of endocrine system development and
function, cancer, cell cycle, tissue development) were highly significaneasured by

IPA score (ranges from 35 to 42). The identified network for endocrine developmdent a
function, lipid metabolism (Figure 12A) features an estrogen signalimigileo

peptidase, ubiquitination and ubiquitin modules. The identified network for cancer
(Figure 12B) contains two heat shock protein modules. The canonical pathwaygemlenti
by IPA analysis were protein ubiquitination, hypoxia signaling and atathediated
endocytosis. Consistent with expression in the basal epithelium, specific calloadhe
molecules, extrinsic growth factors and regulators, and hypoxia-inducioy feave

been identified as molecules prevalent in the stem cell niche of the basdlwepithe

(Figure 13).
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Figure 12A. Network for endocrine development and fuction: IngenuityhwRat
Analysis (IPA) on genes differentially expressed in ECb vs. ECe.

Genes that were differentially expressed in ECb vs. ECe were importedAnto IP

software, which revealed the involvement of several networks pertinent to E@loriklet

(A) pertains to endocrine development and function, lipid metabolism.. Red color denotes
up-regulation in LRECb and green color denotes down-regulation in LRECD retative t
control cells. The IPA legend is shown in Appendix Figure 2.
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Figure 12B. Network for cancer: Ingenuity Pathway Analy$§iBA) on genes
differentially expressed in ECb vs. EC. Genes that were ditiatly expressed in ECb
vs. ECe were imported into IPA software, which revealed the involneifeseveral
networks pertinent to ECb. Network (B) is associated with caarugtrcontains two heat
shock protein modules. Red color denotes up-regulation in LRECb and gieen c
denotes down-regulation in LRECD relative to control cells. Thel&dgand is shown in
Appendix Figure 2.
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Figure 13. Schematic representation of characteristics ofnéoputative MaSCs
(LRECDb) and progenitor cells (LRECe). Putative MaSCs (LRE@®)l@calized in the
basal epithelium in a stem cell niche characterized as anoement enriched for
extracellular growth factors, tumor suppressors for regulatin@4 function. LRECb
exhibit enriched expressions of adhesion molecules and a variety esftipbtMaSCs
biomarkers including HNF4A and the pluripotency marker, NR5A2. Ruetatiogenitor
cells (LRECe) also express NR5A2 but at a reduced level alatly imcreased
expression of differentiation factors including XIST.
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Immunohistochemical evaluation of LRECb and LRECe markers

Genes that are highly expressed in LRECb and LRECe may provide novel
markers for MaSCs and progenitor cells. Those that were evaluated by
immunohistochemistry wer®&R5A2, NUP153, FNDC3B andHNF4A. NR5A2 is a
pluripotency gene that aids in inducing somatic cells into pluripotency (iPSGy @ie
al., 2010)NUP153 is a nuclear basket protein that can cause chromatin modification
(Vaquerizas et al., 2010), aRrtNDC3B is a regulator of adipogenesis and cell
proliferation, adhesion, spreading and migration (Nishizuka et al., 200614A may
serve as a stem cell regulator (Koh et al., 2010; Douville et al., 2009; Battle2606)
and was identified as a key pathway component by IPA analysis of exprdssa for
LRECb and LRECe. Transcripts fNR5A2, NUP153, FNDC3B andHNF4A were more
abundant (> log2 fold change) in LRECb than in control cells, with the greatest
expression in LRECb (LRECb>LRECe>EC).

Immunohistochemical analysis showed that a small number (1-6%) oflgpithe
cells expressed these potential markers. In agreement with tranbonpliaace, positive
cells in the basal epithelium appeared intensely stained than those in supoabéisals.
The abundance and localization of NR5A2, NUP153 FNDC3B and HNF4A-positive cells
(Figure 14A-D) were similar to that of LRECs. Co-localization studiesved that
LREC expressed these markers. Surprisingly, expression of FNDC3B waniteat to
the cytoplasmic compartment of the cell. Expression of FNDC3B was found to be
cytoplasmic (arrows) and nuclear (arrowheads) and co-expressedrdidhirB

approximately half of the LRECDb (Figure 14E). Because of their potenii&y for cell
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Figure 14. Immunohistochemical localization of potential mamratey/ progenitor cell
markers.

A-D- Consistent with transcriptome data, cells that were positive for tioesd markers
were more strongly labeled (brown nuclei) in the basal layer of manmapahelium
than in the embedded layers. Solid arrows designate labeled nuclei of basaiaells
arrowheads designate labeled nuclei of embedded epithelial cells. NR5AY{R)53
(B), FNDC3B (C), HNF4A (D), FNDC3B (E) expression by LREC. Lazatlion of
FNDC3B (purple) to the nucleus (arrow) and cytoplasm (arrowhead) of hRIEGwnN)
is depicted (E). F- Identification of LREC in cryosections used for laggpdissection.
Basal and embedded cells retaining BrdU label are designated, albortgaviocation of
the basal membrane. Scale bar 3ufrd
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sorting, we also identified transcripts that encoded surface proteins andpwvere
regulated in LRECb. These includ8dT2,CXCR4, SDPR, RTP3, CASR, GNB and

DRD2. However, we have not evaluated the suitability of these membrane markers fo
identifying and enriching stem cell populations by flow cytometry.

Discussion

To address our hypothesis that LRECb represent MaSCs and that LRECe more
committed progenitors, we performed transcriptome analyses on four populations of
bovine mammary epithelial cells obtained by laser microdissection of L&REEC
from different epithelial layers (basal and embedded layers). Miexparralysis
revealed distinct gene signatures for the four categories of mammaryiapaéks:

LRECb, LRECe, ECb and ECe. Comparison of LRECb vs. ECb and LRECe vs. ECe
suggested that LRECb are enriched for MaSCs and LRECe for progetigor ¢
Furthermore, factors that are important for maintenance of the stenictelwere
evident in the basal epithelium.

The ECb and ECe were distinguishable by the increased abundance of transcripts
in the basal cells for genes encoding structural and motility proteinsgekitar growth
factors, extracellular matrix (ECM) proteins and ECM regulators. Additignacreased
expression of transcripts for heat shock proteins, peptidases, ribosomal proteins
ubiquitins, proteins that provide interaction between the cell and the ECM (caveolin-1,
B1-integrin), tumor suppressors, and epigenetic modifiers (JARID2, JIMJD1@lsare
characteristic of ECb. Myoepithelial cells, present in the basal layeatifre mammary
epithelium, may be a part of the stem cell niche and their paracrine fadgnegulate

the proliferation, polarity and motility of mammary epithelial cells y8kland Hu,
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2005). However, the precise nature of the ECb in a calf is uncertain. Expression of
markers for myoepithelial cells in mammary tissue from prepubertakrfiésfabsent or
expressed in a limited fashion (Ballagh et al., 2008; Capuco et al., 2002).
Transcriptome analysis of LRECb vs. ECb showed that LRECb possess
characteristics of MaSCs. Our mRNA data were consistent with the lagkression of
ESR1 and increased expression of ALDHB1 in LRECb. As in mouse (Sleeman et al.,
2007) and human (Anderson and Clarke, 2004) bovine MaSCs appear to be ESR1-
negative (Capuco et al., 2009). Further, ALDH1 activity has been used as ane=ffect
stem and progenitor cell marker in several tissues including blood, lung, prostate
pancreas and breast (Douville et al., 2009). However, 17 isoforms of ALDH have been
identified (Sladek, 2003) with different cellular and species expressiomnsaft¢ess et
al., 2004). ALDHBL1 is expressed by bovine MaSCs. Increased abundance of HNF4A,
NR5A2, NUP153 and FNDC3B mRNA and decreased abundance of XIST transcripts
(noncoding) in LRECDb are noteworthy. HNF4A is a hepatic stem cell transarfpttor
whose associated network was highly up-regulated in LRECb, suggesting a key role in
these cells. It is noteworthy that HNF4A has recently been implicatadegulator of
mesenchymal stem cells (Koh et al., 2010). Lack of expression or low expression of
XIST has been associated with stem and progenitor cells, respectively,atoperatic
tissue (Savarese et al., 2006). Subsequently, we evaluated four potentially néeet ma
for stem/progenitor cells (NR5A2, NUP153, FNDC3B, HNF4A) immunohistochermicall
and found protein expression profiles that were consistent with the observedptanscr

abundance in LRECb and LRECe.
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Because of their potential utility for cell sorting, we identified trapse that
encoded surface proteins and were up-regulated in LRECb. Among the cell surface
markers, THY1/CD90 is a proposed marker for mesenchymal, liver, keratinocyte,
endometrial and haematopoietic stem cells. TRIB2 is an oncogene shown to prolong
growth of mouse myeloid progenitors (Keeshan et al., 2010). CXCRA4 is a receptor for
stromal derived factor 1 (SDF-1) and its activation was associated with taeast
invasiveness (Kang et al., 2005). SAT2 is the target of DNA methyltraaedfers
(DNMT1) and an epigenetic modifier, whose methylation status may seavmasker
for cancer prognosis (Jackson et al., 2004). CXCR4 is a proposed marker of non-
hematopoietic stem cells and regulator of neural stem cell trafficad tumor
metastasis (Ratajczak et al., 2006). SDF-1 is positively regulated by il
negatively regulated by CXCR4 receptor, which in turn is regulated by G-protein
signaling (RGS) proteins. RGS4, which was up regulated in LRECD, is likely to be an
RGS protein regulating SDF-1 responsiveness to CXCR4 in the mammary gland.

Up-regulation of growth factors such as fibroblast growth factors {FF66F2,
FGF10), insulin-like factor-2 (IGF2) and plasminogen (PLG) in the basal kpitlager
suggest a function of these molecules as regulators of MaSCs. Role of FGRsmarja
gland development and growth has been demonstrated (Mailleux et al., 2002; Sinowatz et
al., 2006).

Further evidence in support of LRECb being mammary stem cells comes from
biological pathway analysis of differentially expressed genes. A numberferedifially
expressed genes (LRECb vs. ECb) were involved in MAPK, Wnt andfTjgaffhways.

The MAPK pathway regulates cellular growth and proliferation. Wnt and f GF-
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pathways are both involved in mechanism of mammary stem cell renewal. A theme
emerging from a variety of data is that stem cells exhibit chaistats of cells under
stress (Covello et al., 2006; Mazumdar et al., 2010). An up-regulation of chaperones,
ubiquitin/proteosome, DNA repair and chromatin remodeling in LRECb are consistent
with this characteristic and support identification of these cells as MaSCs

Comparison of the transcript profiles of LRECe with those of ECe and LRECb
supports classification of LRECe as progenitor cells. As with LRECbepcesof an
HNF4A network and BrdU label retaining ability suggest that LRECe pess@se stem
cell attributes. However, up-regulation of metabolic enzymes and diffetien factors
suggest that LRECe are more differentiated than LRECb. XIST is a non-didilg
that inactivates one of the X-chromosomes in the early embryo, initiatesegeassion,
and defines epigenetic transitions during development. Pluripotency gene©®GIAN
OCT4 and SOX2) cooperate to repress XIST (Navarro et al., 2008). Our mRNA data
revealed no expression of XIST in LRECb, moderate expression in LRECe andtgreate
expression in control cells, consistent with classification of LRECb a<Csla8d
LRECe as progenitor cells (Savarese et al., 2006). Finally, comparisamsxdript
abundance in LRECb vs. LRECe revealed upregulation of the Notch signaling pathway
in LRECe. The Notch pathway plays a critical role in cell fate deterramat human
mammary stem and progenitor cells (Dontu et al., 2004). We hypothesize that the Notc
pathway regulates the generation of progenitor cells from MaSCs.

Our study provides evidence that the stem cell niche lies in the basal layer of
mammary epithelium. In this study, LREC and control cells were eblabm known

locations within the mammary epithelium without previously destroyirigleel
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microenvironments. LREC and control cells were adjacent or in close proxarathpw
evaluations of potential cross talk between stem cells and neighboring cetlzafvay
analyses of LRECb and LRECe identified features of LRECb that aeetred of
mammary stem cells residing in a stem cell niche. Distinct featugestem cell niche,
as discussed by Li and Xie (Li and Xie, 2005), are the presence of (1) calicadhe
molecules that provide anchorage for stem cells within the niche, (2) extaogicsf
within the niche that regulate stem cell behavior and (3) factors that causmatric
cell division of stem cells, that is upon cell division, one daughter cell is arsadtin
the niche as a stem cell (self-renewal) and the other daughter cedl teavache to
proliferate and differentiate. A very recent study also suggested stexhecell niche is
hypoxic, resulting in the induction of proteins of the family of hypoxia inducible
transcription factor (HIF), such as HIFA1 and targets Wnt, OCT4, IGF2 and Notch
signaling molecules (Kaufman, 2010; Mazumdar et al., 2010). In our study, we identifie
specific cell adhesion molecules, extrinsic growth factors and reg)l&otors that
promote asymmetric cell division, and hypoxia inducing factor as moleculesdhat a
prevalent in the stem cell niche of the basal epithelium (Figure 13).

In summary, transcriptome analysis of mammary epithelial cell subpopulations
has provided a framework for future studies of normal mammary epithelial cell
development and homeostasis, and for the pathobiology of breast cancer. First, we
provided the evidence that LRECs represent MaSCs and progenitor cellsR&i@b
being MaSCs and LRECe more committed progenitor cells. Second, we showed the

evidence the basal layer of epithelium as the location of the MaSCs nich, \wast
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provide the first transcriptome profile of MaSCs and progenitor cells excmedlieir
in situ locations and identified potential novel biomarkers for these cells.

Insights into the biology of stem cells will be gained by further confionaif
candidate MaSCs markers identified and evaluated in this study. Appropoistakers
will provide means to identify MaSCs and facilitate our understanding of thetrdnac
in mammary development and homeostasis and cancer. Specific cell surfaees wal

be useful for future isolation of MaSCs and investigations of their biology.

This manuscript has been submitted for publication.
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Chapter 5: Expression of NR5A2, NUP153, HNF4A and
FNDC3B is consistent with their use as novel biomé&ers for
mammary stem/progenitor cells

Abstract

Mammary stem cells (MaSCs) are essential for growth and maintenance of
mammary epithelium. Previous studies have utilized morphological chiéastacseor
retention of bromodeoxyuridine (BrdU) label to identify MaSCs, but these apgoach
may not be feasible or may not identify all resident stem cells.naltieely, MaSCs may
be identified by expression of appropriate protein markers. The focus of thisxstady
evaluate staining patterns of four novel candidate markers for bovine MiaSCs
mammary tissue from prepubertal and lactating Holsteins. These proemsientified
as candidate MaSCs markers because their transcripts were highlssexprelaser-
microdissected cells, identified as putative MaSCs by their reteatiBrdU label and
their basal location within the mammary epithelium. The four candidate raddter
MaSCs were: nuclear receptor subfamily 5 group A member 2 (NR5A2), nucleoporin
153 (NUP153), hepatocyte nuclear factor 4-alpha (HNF4A) and fibronectitlktype
domain containing 3B (FNDC3B). We also evaluated presumptive MaSCs markers
[aldehyde dehydrogenase 1 (ALDH1) and Musashi 1 (MSI1)] and notch 3 receptor
(Notch3), which have been used in other species. We found that NR5A2, NUP153 and
HNF4A -labeled cells represented 2.5-6% of epithelial cells prepulyeatadl were
distributed in a fashion consistent with the location and abundance of MaSCs/progenitor

cells. A transient increase in expression of these markers was obsegrea#l ktctation.
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FNDC3B was localized mainly in the nucleus prepubertally and in the cytopfasm
myoepithelial cells and nuclei of a limited number of alveolar cells duaicigtion.
Abundant expression of ALDH1 precludes its use as a marker for bovine MaSCs,
whereas MSI1 staining was consistent with MaSCs localization. Onsetef lum
formation in mammary ducts of prepubertal gland was associated with Blotc
expression in the apical surface of lumenal cells. Nuclear expressiorbé{\R
NUP153, HNF4A and FNDC3B are likely markers for bovine MaSCs and progenitor

cells.

Key words: mammary stem cell, progenitor cell, biomarker
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5.1 Background

Mammary stem cells (MaSCs) provide for mammary growth and cell
replacement. Accordingly, they provide a biological target for inangasilk
production, persistency of lactation and tissue repair. Several approaches mavecoee
to identity, isolate and enrich MaSCs in order to characterize their malecofeerties.
Among these, the long-term retention of bromodeoxyuridine (BrdU) to identify putative
MaSCs has been of considerable interest. The long-term retention of labelebdyDNA
somatic stem cells is based on the following hypotheses: (1) stem cetiatikely
qguiescent and (2) stem cells retain the original DNA strands and tranafgr ne
synthesized stands to daughter cells. Although the precise mechanism Ifostkiteon
remains obscure, studies have demonstrated that asymmetric DNA segregation i
common property of somatic stem cells (Shinin et al., 2006). Using this technique, we
have identified label-retaining epithelial cells (LREC) that are ptaadow abundance
in mammary glands of prepubertal heifers (Capuco, 2007; Capuco et al., 2009). We
suggested that LREC in the basal epithelium (estrogen receptor-negatinéaSCs and
those in suprabasal layers (estrogen receptor-positive) are progetgd¢Capuco, 2007;
Capuco et al., 2009). However, application of label retention as a means for idgntifyi
MaSCs is limited by of the minimal labeling of relatively quiescens @aid its use in
large animals is constrained by cost and logistical concerns. Asla tlesre is a need
for other types of markers for MaSCs identification. An alternative approadbritfy
resident MaSCs is based on detection of appropriate protein markers by
immunohistochemistry. Although a single reliable marker for MaSCs has Wéeulidio

obtain, MaSCs express a number of potential markers that have been used alone or in
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combination to study MaSCs/progenitor cells in other species. Among those used for
investigations in mouse and human are aldehyde dehydrogenase 1 (ALDH1), Musashi
(MSI1) and Notch 3 receptor. Based upon microarray analysis of LREC, whieh wer
excised from mammary tissue of prepubertal bovine mammary glands using lase
microdissection, we recently identified novel, potential MaSCs markers (NR5A2,
NUP153, FNDC3B and HNF4A).

Notch signaling components are conserved proteins that have been associated in
lineage commitment, cell proliferation, differentiation and apoptosis (Bray, 2006}-
expression of the Notch pathway has been associated with breast canagrdenel
(Shi and Harris, 2006). Notch signaling has also been found to direct bipotent mammary
progenitors to lumenal lineages (Raouf et al., 2008). In agreement with previous
morphological data, we have molecular profiling data demonstrating thatargstem
cells are localized in the basal layer of the mammary epithelium veheregenitor cells
are more apically localized (Choudhary et al, 2010b). We anticipate that evaltlneti
expression pattern of the Notch 3 protein will facilitate our understanding aféne
specification in the epithelium of the bovine mammary gland.

Our objective was to evaluate the expression patterns of novel MaSCs markers
and additional putative MaSCs/differentiation cell markers in bovine mammary
epithelium. We conclude that epithelial cells expressing NR5A2, NUP153, FNDC3B,
HNF4A and MSI1 in the nucleus are potential MaSCs/progenitor cells. In dpntras
ALDH1 is not a good marker for bovine MaSCs due to its expression by many epithelia
cells and its lumenal localization. Interestingly, Notch3 may be assdaiath lumen

formation of the mammary duct.
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5.2 Materials and Methods

Tissue Samples

In this study, we used tissues from prepubertal and from lactating Holewesn ¢
The tissues were archived samples of two previous studies. Paraffin-embssidesl i
from prepubertal heifers were from a study (Capuco et al., 2009) designed ify ident
putative MaSCs based upon the ability of these cells to retain BrdU. Pamafiedded
tissues from nonpregnant lactating cows were from a study designed taetatua
kinetics of epithelial turnover (Capuco et al., 2001). Animal use and protocols for the
original experiments were approved by the Beltsville Agricultural Rese2enter
Animal Care and Use Committee.
Immunohistochemistry

Mammary tissues were sectioned at 5 um thickness and placed on Sufrfrost
plus slides (Erie Scientific Co, Portsmouth, NH, USA) for immunohistochemical
analysis, and all incubations were carried out at RT unless stated. Slidedeweixed in
xylene and rehydrated in ascending concentrations of ethanol to water. Tidgresse
were gquenched with a solution containing a specific inhibitor of endogenous peroxidase
(Peroxo-block; Invitrogen Co. Frederick, MD) for 2 min. After washingigestin
deionized water (3 x 2 min), antigen retrieval was performed by heatiriyrmv Tris-
HCI, 1 mM EDTA, pH 9. Slides were heated in a microwave oven at high power (650 W)
in 400 mL of buffer in a covered glass staining dish for 5 min, left undisturbed for 5 min,
then were microwaved for additional 5 min. Slides remained in buffer for a 25 min
cooling period before washing with phosphate-buffered saline containing 0.05% Triton

X-100 (PBST; 3 x 3 min). Although antigen retrieval using 70% deionized formamide in
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PBS at 60 °C for 5 min (Choudhary et al., 2010a) followed by treatment with trypsin
(Trypsin Histo-kit; Invitrogen Co., Camarillo, CA) for 30 min at 37 °C produced a&imil
results, the former method was used for convenience. Antigen retrieval usiogavier
heating in 10 mM citrate buffer (pH 6.0) produced nonspecific staining with these
markers.

After antigen retrieval, slides were blocked with casein (CAS-Block
Invitrogen, CA) for 10 min and then incubated with primary antibodies for 1-2 h at RT or
overnight at 4C. Primary antibodies and dilutions were: BrdU mouse monoclonal
(Roche Diagnostics; Mannheim, Germany, BMC9318; 1:50 dilution), NR5A2 rabbit
polyclonal (Sigma-Aldrich, St. Louis, MO, USA, 1:100 dilution), NUP153 mouse
monoclonal (Abcam Inc. Cambridge, MA, USA, 1:200 dilution), HNF4A mouse
monoclonal (Abcam, 1:200 dilution), FNDC3B (Santa Cruz Biotech., Santa Cruz, CA,
USA, 1:50 dilution), MSI1 (Sigma-Aldrich, rabbit polyclonal, 1:100 dilution), ALDH1
mouse monoclonal (BD Transduction Lab, mouse monoclonal, 1:100 dilution), Notch 3
mouse monoclonal (Santa Cruz, 1:100 dilution).

After incubation with primary antibody, sections were washed with PBXT3(
min), and then incubated with Vector InmPRE$&nti-mouse/anti-rabbit Ig peroxidase
conjugated secondary antibody (Vector Labs Inc. Burlingame, CA, USA) forr80 m
followed by washing with PBST (3 x 2 min) to remove unbound polymer. Markers were
detected using Vector peroxidase substrate kits for brown (ImmPAQAB), purple
(ImmPACT™VIP) or red (ImmPACT" NovaRED") staining. Negative controls were
performed by omitting primary antibody. Sections were counterstainadva%o

aqueous methyl green (Vector Labs) for 2 min, washed briefly in water, difégesl in
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0.05% acetic acid/acetone for 10 s and dehydrated in ascending concentratibasaf et
In the case of hematoxylin counterstaining, slides were washed in wdtdipped into
PBS (30 s) to develop blue color nuclei before dehydration in ethanol. Slides were
mounted in DPX (Sigma-Aldrich Co. St. Louis, MO, USA). Photomicrographs were
obtained using a light microscope (Olympus BX81; Olympus, Japan) equipped with a
DP70 digital camera.

For each marker (NR5A2, NUP153 and HNF4A) quantified, immunopositive
cells were quantified from photomicrographs and expressed as as percéntagle
epithelial cells counted (labeling index). For each stained slide (3-4 sisstiens per
slide), 10-12 areas were photographed at a magnification of 320x. The NR5A2, NUP153
and HNF4A-labeled epithelial cells and total epithelial cells were eratetefrom the

digital images and labeling indices were calculated.

5.3 Results and Discussion

To evaluate the expression patterns of various markers for MaSCs, we performed
immunohistochemistry on formalin-fixed paraffin-embedded tissue sectimms f
prepubertal and lactating bovine mammary glands. Specificity, distributtbn a
guantitation of the stained cells were performed. All data are expressehas
percentage and standard error (me&tE). Negative controls for staining procedures
were the omission of primary antibody and always showed no immunostaining of cells
(Figure 15A).

Expression of the novel MaSC/progenitor cell markers, NR5A2, NUP153,

HNF4A and FNDC3B were distributed in a fashion similar to LREC. As previously
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NR5A2 labeling calf vs. cow (peak lactation)

FNDC3B

Figure 15. Immunohistochemical localization of potential novel stemémitor cell
markers in prepubertal and lactating mammary gland.

Shown are the results of indirect immunostaining on paraffin sections using (A) no
antibody (negative control), (B) BrdU antibody detecting label retaiepithelial cells.

(C) Bar graph depicting percent of NR5A2 labeled mammary epitheliunepupertal

heifer calf and lactating mammary gland. NR5A2 staining in (D)avadf (E) lactating

cow. (F) Bar graph depicting percent of NR5A2 labeled mammary epithelium at 90, 120
and 240 d of lactation (dL). NUP153 staining in calf (G) and (H) lactating coBafl)

graph depicting percent of NUP153 labeled mammary epithelium in prepubertaleénd pe
lactating mammary gland. HNF4A staining in (J) calf and (K) laajatow and

FNDC3B staining in (L) calf and (M) lactating cow. Arrows indicate naicExpression

of markers in basal cells, arrowheads in embedded/lumenal cells and brokeh@rmt

to cytoplasmsic expression of markers. Means without a common superscriptRiiffer (
0.05). Scale bar =10 pum.
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reported (Capuco, 2007; Capuco et al., 2009) staining for BrdU revealed LREC, which
were located primarily in the basal layer or one or two cells above theldgsain the
mammary epithelium of prepubertal heifers (Figure 15B). LREC werersdiound to
be in contact with the ductal lumen.

We evaluated expression of NR5A2 in mammary tissue from prepubertal heifers
and lactating cows. In prepubertal heifers, immunostaining of NR5A2 was othserve
the nuclei of a small number of basal and embedded epithelial cells, with the Basal ce
visually appearing more intensely labeled (arrows) than embedded lfaad)(Figure
15D). They were observed at a frequency of 20654 % of total epithelial cells.
However, the frequency of basally located NRA2-positive epithelial calés w
approximately 1% of total epithelial cells. Our previous research (Capuco, 2807¢c&C
et al., 2009) and recent transcriptome profiling of LREC (Choudhary et al., 2010a)
suggested that the basally located LREC are MaSCs, which is consisketitewi
abundance of MaSCs in other species (Kordon and Smith, 1998; Shackleton et al., 2006).
In lactating mammary gland, we evaluated NR5A2 expression at 90 (near peak), 240
(late) and 300 d of lactation. Abundance of NR5A2-positive cells differed sigrtlfica
between mammary tissues from prepubertal (Figure 15D) and lactatingFiguws (
15E) and was influenced by stage of lactation (Figure 15F). There was aaignifi
difference in abundance of NR5A2-positive cells from prepubertal vs. near p&tiola
(P <0.01; 2.6 ©.51 vs. 14.9 £.6), near peak vs. 240 d lactation (P < 0.01; 129+
vs. 1.5 H0.3) (Figure 15C). As lactation advanced to 300 d there was a further numerical
decrease in abundance of NR5A2-positive cells; however, this differensemtva

significant (P > 0.05; 1.5 6.3 vs. 0.16 0.09). Interestingly, we observed a notable
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difference in the nuclear staining pattern of NR5A2 in prepubertal andractat
mammary epithelium. In prepubertal heifers, NR5A2 staining appeared tehsdarand
uniform throughout the nucleoplasm. In lactating gland, some cells displayeskiated
uniform nuclear staining; whereas others exhibited punctate nuclear staiaiag 6t
shown). The intense and uniform nuclear staining pattern was observed at aljéise st
of lactation. However, the punctate nuclear staining pattern was predontipaaka
lactation. We hypothesize that intense, uniform nuclear staining is a tehestacof
MaSCs, whereas punctuate nuclear staining is characteristic of morettamnmm
progenitor cells. Accordingly, the data suggest that there is a temporary inordese
progenitor cell population during early lactation and a decline as lactation advaines
is consistent with the role of the preparturient dry period in promoting the turnover of
epithelial cells (Capuco, et al., 1997) and replacement of senescent cellsnocludi
senescent progenitors (Capuco and Akers, 1999).

The frequency and distribution of NUP153 expression in mammary tissue of
prepubertal and lactating Holsteins was similar to the expression of NR2A2153-
positive cells were distributed in the basal and embedded epithelial layers of the
prepubertal gland. Immunostaining was detected in the nuclei, either in the nuclear
envelope or in the nucleoplasm or both, of a limited number of epithelial cells. Nuclear
staining in mammary tissue from prepubertal heifers was intense in(basal) and
moderate or weak in embedded cells (arrowhead) (Figure 15G). Abundanc® d58U
positive cells was 2.5 8.4 % of total epithelial cells. Basally located NUP153-positive
cells accounted for 0.5% of total epithelial cells and these exhibited stotegar

staining. Around the time of peak lactation (90 d), most of the NUP153-positive cells
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were characterized by staining around the nuclear envelope, with a smaltipopefia
cells showing stronger staining of the nucleoplasm (Figure 15H). We also obsealed w
to moderate nucleoplasmic staining in epithelial cells within developing sseqge

alveoli. The cells expressing weak to moderate nuclear envelope or nucleoplasm
staining might represent more committed progenitor cells. The frequéhtyRi153-
positive cells differed between mammary tissues from prepubertal anthigetaimals
near peak lactation (P < 0.05; 2.945 vs. 36.78.3) (Figure 15I).

Immunolocalization of HNF4A was exclusively nuclear during prepubertal and
lactation phases of mammary development. In epithelium of prepubertathEifdf4A-
positive cells were scattered in basal (arrow), embedded (arrowheddjraerdhl (not
shown) layers (Figure 15J) and represented 817%o of total epithelial cells. HNF4A-
labeled cells located in the basal epithelium accounted for Q_81+% of total mammary
epithelial cells in prepubertal heifers. In lactating cows, mammanetisigtained at 90 d
of lactation contained 10.79Gt97 % HNF4A-positive cells of total alveolar cells (Figure
15K). The proportion of HNF4A-positive cells was significantly different in pregabe
vs. lactating mammary tissues (P < 0.05; 6.1 vs. 10.8).

We next examined the expression of Fibronectin type Il domain containing 3B
(FNDC3B) in the mammary gland of prepubertal and lactating HolsteidBXCBB was
localized exclusively in the nucleus of epithelial cells in prepubertal belfat localized
in the nucleus and cytoplasm of lactating cows. In prepubertal heifers, the dtronges
nuclear staining was found in cells of basal epithelium (arrow), with modéaatang in

embedded cells (arrowheads) (Figure 15L). In lactating cows, FNDC3Beazed in
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the nucleus of a small number of alveolar cells (arrows), and the cytoplasm of
myoepithelial cells (broken arrows) (Figure 15M).

We also evaluated putative MaSCs and differentiation markers that other
investigators have used in studies of mouse and human mammary gland. We found
intense nuclear staining of the putative MaSCs marker, MSI1, in basal (anmdw) a
moderate to weak staining (arrowhead) in embedded layers of the dudtaliemtof
the calf (Figure 16A). In lactating mammary gland, MSI1 was Iredlin the nuclei of a
small proportion of alveolar cells (Figure 16B).

We found abundant expression of ALDH1 in nuclei and cytoplasm of lumenal
mammary epithelial cells of prepubertal calves (Figure 16C). Intilagteows (120 d)
we found that many alveolar cells (4225 %) were ALDH1-positive, expressing
ALDH1 in the nucleus (Figure 16DBecause mammary stem cells are present in low
abundance and appear to be located within the basal layer of the prepubertal ynammar
gland, the distribution and abundance of ALDH1-positive cells is inconsistent with the
utility of this enzyme as a marker for bovine MaSCs. However, this does not preclude
the possibility that another isoform of ALDH may serve as a potential Ma&éem

Immunodetection of Notch 3 protein appeared to coincide with the formation of
the lumenal space in mammary ducts of prepubertal heifers. In this studyynae f
strong cytoplasmic staining at the apical border of the lumenal epitheliura dadtal
lumen was formed. Developing mammary ducts with no lumen did not express Notch 3
protein (Figure 16E). Notch 3 expression was evident with the onset of lumen formation

(Figure 16F, 16G) and was maximal in lumenal cells bordering the lumena ofdtdiytp
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Prepubertal Lactating

Figure 16. Immunohistochemical localization of putative stem/progecél markers in
prepubertal and lactating mammary gland.

MSI1 staining in (A) calf and (B) lactating cow; ALDH1 staining in @2)f and (D)
lactating cow. Arrows indicate nuclear expression of markers in bdisalareowheads

in embedded cells and broken arrows indicate cytoplasmic expression. (E-H) Notch 3
expression and lumen formation in prepubertal mammary duct. (E) Notch 3 was not
expressed in a cluster of unorganized epithelial cells (an underdeveloped duct). (F)
Initiation of Notch 3 expression was observed in concomitant with lumen formation. (G)
Small developing duct with narrow lumen shows Notch 3 expression in apical side of
lumenal cells. (H) Fully developed duct shows increased expression of NotcHS8ar€el
counterstained with agueous methyl green (green nuclei). Scale bar = 10 um.
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ducts (Figure 16H). The immunohistochemical expression pattern of other Notch proteins
might suggest their definite involvement in lumen formation of mammary ducts.
Discussion

The limited information available for NR5A2 is consistent with its potential
utility as a MaSCs marker. NR5A2 has been used as a component for transforming
somatic cells into induced pluripotent stem cells (iPSC). SpecificallyA2Ran replace
OCT4, a pluripotency transcription factor, previously thought to be essential for
generation iPSC from somatic cells (Heng et al., 2010). Similarly,guatgon of
NR5A2 has been suggested to regulate OCT4 transcription factor in embryonieksem c
via SOX2 (Rizzino, 2009). In mammary gland, NR5A2 has also been shown to exert
potential oncogenic effects through the estrogen receptor during breast cameioh
(Annicotte et al., 2005). In conjunction with our finding that LREC express NR5A2
(Choudhary et al., 2010a), our immunohistochemical results suggest that NR5A2 is a
pluripotency transcription factor and potential MaSCs marker.

Although nucleoporins (NUP) are structural elements of mammalian npdesar
complexes (NPCs), other roles are emerging from recent studies. NUP 1&%has
shown to play a role in organization of the nuclear envelope and indirectly regulates
cytoskeleton architecture and mechanical properties of the cells (Zhouraed Z€4.0).
Association of NUP153 with large genomic regions (10-500 kb) reduced expression of
X-linked genes in NUP153 knockout Drosophila and lack of efficient transcription of
heat shock proteins in NUP98 knockdown cells provide evidence for a role of
nucleoporins in regulation of transcription (Mendjan et al., 2006; Vaquerizas et al., 2010;

Capelson et al., 2011). Therefore, it appears that nucleoporins are mobile structural
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proteins, but shuttle between the NPC and nucleoplasm. Another study demonstrated a
role for NUP133 in cell differentiation and found that expression of NUP133 is cell type
specific and developmental stage-restricted, with prominent expression imglividi
progenitors (Lupu, et al., 2009). Our transciptome profiling data (Choudhary et al.,
2010a) indicate that NUP153 is differentially expressed by MaSC/progenitor ¢éd
now show that NUP153 is expressed in the nuclear envelope and/or nucleoplasm. This
supports a novel role for NUP153 in the nucleoplasm, possibly in regulating atodifer
and differentiation of cells. The transient increase in NUP153-positiveatglisak
lactation may reflect an increase in the progenitor cell population. Théofuact
significance of the varied intensity of nucleoplasmic staining reqfuréser
investigation. However, we suggest that the strongly positive cells in saédythelium
of prepubertal heifers are MaSCs, as are strongly positive alveolaofciltsating
gland.

The abundance and distribution pattern of HNF4A in the mammary epithelium
suggest that HNF4A is a potential MaSCs/progenitor marker. It is notewbet
HNF4A was at the hub of the most significant gene network to be highly expressed in
putative MaSCs (basal LREC) (Choudhary et al., 2010a). Whether, HNF4A-posits/e ¢
co-expressing NR5A2 or NUP153 are more primitive MaSCs remains a topicufigr fut
investigation.

Cytoplasmic expression of FNDC3B in myoepithelial cells, which arajposed
to the extracellular matrix (ECM), is consistent with the affinity oDENSB for
fibronectin (a component of ECM) and integrin. FNDQ3dBds to extracellular and cell

surface molecules like integrin and regulates cell adhesion, migratieadspy, growth
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and differentiation (Geiger, et al., 2001) by activating integrin-mediatexteitular
signals (Bowditch et al., 1994). FNDC3B null mice exhibit increased postnatelityor
and decreased proliferation, adhesion, spreading and migration of adipocytes and
fibroblasts (Nishizuka et al., 2009). Altogether, these observations suggest thamogort
of interaction between FNDC3B and integrins in cell growth, migration and
differentiation. This is the first suggested involvement of FNDC3B in the bovine
mammary gland and its possible association with MaSCs.

MSI1 has been hypothesized to be a marker of somatic stem/progenitor cells in a
variety of tissues including intestine, endometrium, and mammary gland @batte
2008; Gotte et al., 2011; Potten et al., 2003). A role for MSI1 in progenitor cell
expansion, acting through Wnt and Notch pathways, has been suggested (Okano et al.,
2005; Rezza et al., 2010; Wang et al., 2008). Our results are consistent with MSI1
expression in ewe mammary epithelium (Colitti and Farinacci, 2009) and weidencl
that MSI1 is a potential marker of MaSCs/progenitor cells in bovine mamraang. g

In contrast to our findings in bovine mammary gland, ALDH1-positive cells in
human breast possess characteristics of MaSCs (Ginestier et al., 200rhy§imi
ALDH1 appears to serve as a stem cell marker in other tissues, includiatppenatic
tissue (Hess et al., 2004; Armstrong et al., 2004). Typically, identificatioh.DHA -
postive cells has been based primarily on enzymatic activity of living foelthe
fluorogenic ALDH1 substrate, aldefluor. However, a recent study using ALDH1Al
knockout mice indicated that not only is ALDH1A1 not essential for hematopoietic stem
cell function, but that ALDH1A1 deficiency did not affect aldefluor staining (Letal.,

2009), which was likely maintained by the presence of other ALDH isoforms.
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Furthermore, a recent study indicated that expression of ALDHL1 protein aloneatoes
predict outcome of breast cancer prognosis (Neumeister, et al., 2010) In bovine
mammary gland, we have found increased expression of ALDH3BL1 in putative bovine
mammary stem cells (Choudhary et al., 2010a). However, due to the absence iof specif
antibodies for this ALDH isoform, we have been unable to evaluate the abundance and
distribution of ALDH3B1-positive cells within the bovine mammary gland.

The mechanism of lumen formation in bovine mammary gland is unknown, but is
not mediated by apoptotic death of epithelial cells in the central region of tla cluct
(Capuco et al., 2002) as occurs during lumen formation of murine ducts (Humphreys, et
al., 1997). Therefore, regulation of apoptosis is unlikely to be a function of increased
Notch 3 expression during lumen formation in bovine mammary gland. We also observed
a rare subset of basal cells and adjacent embedded cells showing Notch 3 exprassion (
shown). We speculate that MaSCs divides asymmetrically in the basadeagierg to
formation of daughter progenitor or transit amplifying cells in the above. [&lqerNotch
pathway may be associated with this phenomenon, as it is associated with dtferent
of human mammary stem cells to progenitor cells (Dontu et al., 2004). A role for Notch 3
in development of the ductal lumen of the bovine mammary gland requires additional
research.

In summary, the abundance and localization of cells that express NR5A2,
NUP153, HNF4A and FNDC3B is consistent with the utility of these proteins as novel
markers for bovine mammary stem/progenitor cells. Cells that expressutkersnmost
strongly are located in the basal layer of the mammary epithelium of pregudadves,

the apparent locale of MaSCs. During lactation, these markers are eviderdliretie
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The pattern of nuclear expression during lactation may provide a means to diktingui
stem and progenitor cells and suggests that stem cells are present in thelalvepl
lactation, not only in the mammary ducts. Expression of other putative stem
cell/differentiation markers were also evaluated and showed that ALDH1 a&not
appropriate marker for bovine MaSC/progenitor cells, but MSI appears to be a
MaSC/progenitor cell marker. Expression of Notch 3 in the mammary epithelium of
calves suggests that it may play a role in lumen formation and in regulation of

asymmetric division of MaSCs.

This is the final draft of the manuscript to be submitted for publication.
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Chapter 6: In vitro expansion of mammary stem/prog@nitor
cell population by xanthosine treatment

Abstract

Mammary stem cells are critical for growth and maintenance of the mamma
gland and therefore of considerable interest for improving productivity amteaffy of
dairy animals. Xanthosine treatment has been demonstrated to promote expansion of
putative mammary stem cells in vivo and hepatic stem cells in vitro. In teedase,
xanthosine promoted the symmetrical division of hepatic stem cells. The obdine
study was to determine if treating primary cultures of bovine mammary kgdittedis
(MEC) with xanthosine increases the stem/progenitor cell population by prgmoti
symmetrical division of mammary stem cells. In vitro treatment waththxosine
increased the population of MEC during the exponential phase of cell growth, geducin
the doubling time from 86 h in control cultures to 60 h in xanthosine-treated cultures.
The bromodeoxyuridine (BrdU) labeling index and the proportion of MEC in S-phase
both were increased by xanthosine treatment, indicating that increasadccetion was
due to increased cell proliferation. Analysis of daughter-pairs indicatedahiiosine
promoted a shift from asymmetric to symmetric cell division. Moreover, the 30%
increase in symmetric cell division was concomitant with an increase in the tpyopadr
MEC that were positive for a putative stem cell marker (FNDC3B) and a tresaact
increased telomerase activity. These results suggest that xanthogmeritea vitro

can increase cell proliferation, promote symmetric cell division and enhance
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stem/progenitor cell activity. Xanthosine treatment increased théepation rate of
bovine MEC in vitro. This was likely to be mediated by an increase in the proportion of
stem/progenitor cells in the MEC population due to promotion of symmetrical siem ce

division by xanthosine.

Key words: mammary epithelial cell, stem cell, xanthosine

91



6.1 Background

Expansion of stem/progenitor cells is a prerequisite for their therapeutic or
research uses. Mammary stem cells (MaSCs) are somatic sterthatfrovide for the
lineage of mammary epithelial cells. Consequently, they are of considariést to
developmental biologists, agricultural scientists and cancer researcherse BlaSCs
have received little attention despite the inherent economic importance of thes spet
the potential for impacting animal production by MaSCs manipulation, and despite the
similarity in cytoarchitecture of bovine mammary tissue to that of the himmeast
(Capuco et al., 2002). Bovine mammary epithelial cells and their stem calispareant
in agricultural production and bioengineering applications. Additionally, infooma
gained will potentially broaden our knowledge of human mammary epitheliglarell
stem cells.

Somatic stem cells can divide symmetrically or asymmetricallyjrstric
division of stem cells produces two identical stem cells and results in expangien of
stem cell population. Asymmetric division produces a stem cell and a diffézentia
progenitor cell of more committed cell lineage, while maintaining the egistem cell
population. A novel method of expanding the rat hepatic stem cell population has been
identified and is based on suppression of asymmetric cell kinetics. Severab in vitr
experiments indicated that p53 promotes asymmetric proliferation of soneaticsls
through suppression of inosine-5-monophosphate dehydrogenase (IMPDH) (Rambhatla,
et al., 2005; Sherley, 1991; Sherley et al., 1995), a rate-limiting enzyme in guanine
ribonucleotide biosynthesis. A decrease in guanine ribonucleotide concentration

promotes asymmetric division of stem cells. Compounds like xanthosine (a purine
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nucleoside) bypass IMPDH-mediated guanine synthesis and increasgeguani
concentration in the cell, thereby promoting symmetric division and expandingmie st
cell population (Lee et al., 2003).

Earlier, we reported that xanthosine promotes expansion of label-retaining
epithelial cells (LREC), putative stem cells, in prepubertal mammnanggn vivo
(Capuco et al., 2009). In order to understand the role of xanthosine, in the current study
we evaluated growth characteristics of primary mammary epiticelia from the
lactating bovine mammary gland. The objective of this study was to invedtingat
impact of xanthosine on cell proliferation and the kinetics of stem/progenitor cell
expansion. We show that xanthosine enhances cell proliferation, promotes syaimetric
cell division and increases the stem/progenitor cell population. Symmetsodiwas
assessed by daughter pair analysis and stem cell number was assesgeddsyon of a

potential novel stem cell marker (FNDC3B) and by telomerase activity

6.2 Materials and Methods

Cultivation of bovine primary mammary epithelial cells

Frozen stocks of bovine mammary epithelial (MEC) cells from lactatmg c
were kindly provided by Dr. David Kerr, University of Vermont. Isolation of thed#ls ¢
was described previously (Wellnitz and Kerr, 2004).
Cell culture conditions

Frozen cells were revived in growth medium consisting of DMEM/F12 with 5%
FBS, ITS supplement (@g/mL insulin, 5ug/mL transferrin and 0.005g/mL sodium
selenite), glutamine dipeptide (2 mM; GlutaMA%l), penicillin G (100ug/mL), and

streptomycin (10Qig/mL) and plated in a 75-ctissue culture flask (T75, Corning Inc.,
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Corning, NY, USA). These medium supplements were obtained from Gibco/Invitrogen
(Carlsbad, CA, USA). Initially, cells were allowed to attach to the bottotineo? 75
tissue culture flask for 5 h and then the medium was replaced with fresh medium. Cells
were grown at 37°C in a humidified atmosphere of 5% i@@ir. For cell passage, the
medium was discarded and the monolayer washed with phosphate buffer saline (PBS).
Cells were then incubated in 2 mL of 0.05% trypsin-EDTA (Invitrogen, Carlsbad, CA)
for 10-15 min at 37°C, until most cells became detached. Trypsinization was stopped by
adding 5 mL of growth medium. After centrifugation (23°C, 6 min, 2} ¥he cell
pellet was resuspended in 5 mL of growth medium. For routine passage, cells were
subcultured at a 1:4 ratio. Cells grew to 70-80% confluency in 5 to 7 d, at which time
they were subcultured. Medium was replaced every 2-3 d.
Growth characteristics of bovine mammary epithelial cells

To evaluate the impact of xanthosine on growth characteristicics of MEE, cell
were seeded at a density of 3 ¥ &6lls/well of 24-well flat bottom tissue culture plates
(Falcon, Oxnard, CA, USA) containing one mL of growth medium with or without 200
KM xanthosine (Sigma, Saint Louis, MO), prepared from a 10 mM stock solution of
xanthosine (prepared in alkaline distilled water and filtered through ke stesmbrane,
0.2 pu pore size). Cell number and viability of triplicate wells were detechdagy for 8
d. Cell number was assessed by haemocytometer counts of trypsinzed cell saspensi
and viability by dye exclusion, using 0.4% trypan blue (Gibco, Carlsbad, CA, USA).
Morphology of cells in confluent monolayers was evaluated by microscopy on day 8 aft
hematoxylin staining. Three independent experiments were conducted using two

populations of MEC, each isolated from a different cow.
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Bromodeoxyuridine labeling index and FNDC3B staining

MEC were seeded in 5-éPetri dishes (Corning) containing growth medium
with or without 200 uM xanthosine and grown for five d (~80% confluent). BrdU
(Sigma, St Louis, MO, USA) was added to culture medium at a concentration of 10 uM
during the logarithmic phase of growth. Cells in six replicate platesqantent were
incubated with BrdU for 5 h, after which the monolayers were washed with chilled PBS
(2 x 1 min) and fixed in pre-chilled methanol for 15 min at -20°C. Cells were then
treated with 0.3% Triton X-100 (Sigma) for 30 min, and endogenous peroxidase was
blocked with Peroxo-block (Invitrogen) for 1 min. Cells were treated with @INfét 30
min at RT followed by acid neutralization with 0.1 M borate buffer (2 x 5 min) and 3
washes (3 x 2 min) in PBST (PBS + 0.05% Triton X-100). Cells were blocked with
casein (CAS-BlocK”, Invitrogen) for 10 min, and then incubated with mouse
monoclonal anti-BrdU (Roche Diagnostics, Mannheim, Germany) at 1:100 dilution in
CAS-Block for 1-2 h at RT. After washing with PBST (3 x 3 min), cell monolayers
incubated with Vector InmPRE$% anti-mouse/anti-rabbit Ig peroxidase conjugated
polymer detection reagent (Vector Labs Inc., Burlingame, CA, USA) foriB0 m
followed by washing with PBST (3 x 2 min) to remove unbound polymer.
Immunostained cells were visualized with DAB (Vector). Negative cbstaming was
performed by omitting primary antibody. Sections were counter-stairibd wi
hematoxylin for 1 min, washed briefly in water and color developed in PBS (30 s). Cells
were dehydrated in ascending concentrations of ethanol. Photomicrographs waeredobt

using brightfield optics with an Olympus BX81 microscope (Olympus, Japan) equipped
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with a DP70 digital camera. The percentage of immuno-positive cellsrwaserated
from photomicrographs of 10-12 random fields per culture plate.

FNDC3B staining was performed as for BrdU staining, except that néller
treatment nor other antigen retrieval step was used prior to incubation withyprimar
antibody. Primary antibody was a rabbit polyclonal (Santa Cruz Biotechnolagta S
Cruz, CA, USA) used at 1:100 dilution. The influence of xanthosine and culture passage
on the FNDC3B labeling index was tested by two-way ANOVA with Bonferroni
correction using GraphPad Prism (version 3; GraphPad Software Inc., San Biego,C
USA).

Flow cytometry analysis

To support evaluations of population doubling time and BrdU labeling index, we
analyzed the impact of xanthosine on cell cycle distribution, using a flow cytomet
assay. BrdU (10 uM) was added to cell culture medium for 45 min during the log phase
of cell growth. Cells were then harvested by trypsinization and fixed with @@ in
PBS overnight at 4°C. Cells were pelleted, permeabilized with 0.3% Triton-X1PB3
for 30 min at RT, and then re-pelleted. Nuclei were suspended and incubated in 2N HCI
for 20 min at 37°C and then neutralized with 0.1 M sodium borate buffer. Nuclei were
pelleted and re-suspended in PBST before blocking with 200 pL of casein (CAS Block,
Invitrogen) for 10 min and incubating with an Alexa 488-conjugated BrdU anti@od
png/mL, Molecular Probes, Invitrogen) at RT for 40 min in the dark. Sampleshere
rinsed twice in PBST and resuspended in 500 pL of propidium iodide/RNase staining
buffer (BD Pharmingen, San Diego, CA) for 15 min before flow cytometry. Samples

were kept on ice in the dark before analysis. Analyses were performeéGg0a flow
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cytometer (Beckman Coulter Inc., Palatine, IL) and collected data walgzad using
Cytomics RXP (Beckman). This experiment was repeated twice with 3ibatesl per
group, using cells at two different passages.
Label retention assay

Cells were seeded at 3xX1¢elIs/well of 6-well plates (Corning) with added BrdU
(10 pM) and grown for one wk. At each weekly passage, two wells were fixed a
processed for BrdU immunostaining, while cells in the remaining four wetks we
enzymatically dissociated and sub-cultured in six wells of another 6-wliplaontrol
medium. Cell monolayers during thd g1=2), 4" (n =2), §" (n = 2), and 6 (n = 6) wks
after BrdU labeling were immunostained and the number of LREC were countdld W
used for negative control staining were not incubated with anti-BrdU antibody.
Daughter pair analysis

Cells were seeded at 1.5 x’J@r T25 flask and grown until approximately 80%
confluent. Incorporation of BrdU into nuclear DNA was performed during the logphas
of growth to label the maximum number of cycling cells. BrdU (10 uM) was addkd to t
medium for 1 h prior to cell harvest. After trypsinization, cells were platad at
concentration of 200 cells per well (n = 4) of a 24-well plate. This cell densityel
for discrimination of individual cells and subsequent daughter-pairs. The influence of
xanthosine on the proportion of cells undergoing symmetric vs. asymmetric divison wa
evaluated by seeding cells in control medium or medium containing 200 uM xanthosine.
Cells were cultured for an additional 48 h (doubling time 50-60 h). The cell monolayer
was then washed with chilled PBS (2 x 1 min), fixed in methanol at -20°C and processed

for BrdU immunocytochemistry. Cell pairs containing one or two BrdU-labelisl ce
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were counted to determine the percentage of asymmetrical (one labeled degifhte
versus symmetrical (two labeled daughter cells) division. Three indepengertments
were performed and provided analogous results.
Telomerase assay

To determine cellular telomerase activity, MEC were seeded in 12-sglkti
culture plates (Corning) at 6 x “i€ells per well in 2 mL of media with or without 200
KM xanthosine. At 80% confluency, 0.2 mL of trypsin-EDTA solution was added to each
well and incubated for 15 min at 37°C. Cells were dislodged and a single cell suspension
obtained by titurating in the micropipette tip. Then 0.8 mL of growth medium was added
to inhibit trypsin activity and the cell suspension collected in a 1.5 mL micrdogatri
tube. A 50 pL aliquot of the cell suspension was removed from each tube to assess cell
viability and cell number. The remaining cell suspension (950 pL) was usednoidete
telomerase activity using a quantitative real-time PCR-based telsenassay (US
Biomax, Rockville, MD, USA). Briefly, the cell suspension was centrifuged at 220 x g
for 6 min and the pelleted cells (~ 1.0 - 1.5k&6lIs) were lysed by vortexing for 1 min
in 200 pL of the provided lysis buffer and incubating on ice for 30 min. The cell lysate
was then centrifuged for 30 min at 12,000 x g at 4°C. The supernate was removed and
collected in a 0.5 mL plastic microfuge tube. A portion of each supernate was heat
inactivated (85°C for 10 min) and served as the negative control for that samplgL One
of each of sample supernate and heat-inactivated supernate were assayedtabng
serial dilution of the provided standards (in lysis buffer), according to the ncaumafias

recommendations.
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6.3 Results and Discussion

Growth kinetics and effect of xanthosine

The initial experiment evaluated the impact of Xs on growth of primary bovine
MEC. MEC plated on plastic growth surfaces in both xanthosine and control culture
conditions displayed a cobblestone-like morpohology typical of epithelia gells i
monolayer (Figure 17A-B). This cell morphology is consistent with chaistotsrof
bovine mammary epithelial cells as reported by others (Zhao, et al., 2010Yiabitigy
assessed by trypan blue staining of xanthosine-treated cells and colgrdiccabt
differ (mean >98%). These observations suggest that neither cell morphologif nor ce
death rate was influenced by xanthosine treatment. The population growthsate wa
equivalent for both groups until day 3 of culture but diverged ond 4 — 6 (P < 0.05). Ond
4 and 5, xanthosine-treated cultures showed an 18% increase in cell number over control
cultures. Cell number plateaued by day 7 for both treatments, as the cultunes reac
confluence (Figure 17C). Doubling time was calculated during the last 3d of t
exponential phase of growth using population doubling time software
(http://www.doubling-time.com) (Roth, 2006). At passage 3, doubling times were 50 h
vs. 66 h for xanthosine and control cultures, respectively. MEC from a different cow at
passage 6 grew more slowly and doubling times were 71 h vs. 106 h for xanthosine and
control cultures, respectively. Overall, the doubling time of xanthosine treatacesul

was 71% of that for control cultures.
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Figure 17. Evaluation of the effects of xanthosine on cell morph@adygrowth rate of
bovine MEC. A-B Micrographs of hematoxylin stained monolayers of early-passage
bovine MEC, demonstrating typical cobblestone morphology of cells edltun
xanthosine (A) and control (B) medium. C- Growth of primary ME@he presence and
absence of 200 uM xanthosine. Data are from a representativevexquensing MEC at
passage 3 presented as the mean number of cells per wehdarstarror) for triplicate
cultures. An increaseP(< 0.05) in cell number of xanthosine-treated cultures was
evidenton d 4 and 5. Scale bar =100 pm.
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Cell cycle progression

Consistent with the increased population growth rate of xanthosine-treated cells,
cultures that were continuously exposed to xanthosine for five d showed an ir{Erease
0.05) in the proportion of cells in S-phase (16.8; n =6) compared with control cultures
(10.8 +1.2; n =5) (Figure 18A-D). Additionally, cell cycle analysis (~ 5000-10000 cells)
of xanthosine-treated and control cultures demonstrated that the percentalgeioftoe
S-phase plus G2/M-phases was greater in xanthosine-treated than contres ¢dl®ivs.
2.2; Figure 18E-F). Differences in the proliferation indices between tivese
experiments are likely a function of the duration of BrdU labeling and the prabiera
status of cells in the two experiments presented. Together with the lackaifa#ff
xanthosine on cell viability, these data indicate that xanthosine decreasetdttine
doubling time by promoting proliferation of MEC.
Label retaining epithelial cells

Monolayer cultures of MEC were continuously labeled with BrdU for 7 d and
then the persistence of BrdU label retaining epithelial cells (LRES)evaluated for the
following 6 wk, with passage every week. At the end of the first week, most of the cells
were proliferating and were labeled with BrdU. On each subsequent weeshgpdhe
number of LREC decreased gradually from 13.1%wR), 3.5% (4' wk), 0.46% (¥
wk) to 0.4% (8' wk) (Figure 19A-E). These LREC were cycling on every passage as
evidenced by karyokinesis (arrows) and dilution of label (arrowheads) (FigukeD).
This low frequency (0.4% by"Bwk) of LREC was consistent with the result of an in
vivo study in which the frequency of LREC after 42 d (6 wk) were 0.4% of total

epithelial cells counted in prepubertal bovine mammary gland (Capuco et al., 2009).
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Figure 18. Effect of xanthosine on cell cycle progression.

A-D- BrdU labeling of proliferating culturesdicrograph depicting BrdU-labeled cells
(brown nuclei) in xanthosine-treated (A) and control (B) cultures. Negaiivieot for
BrdU immunostaining (C). Quantification of the BrdU labeling index in xanthesine
treated and control cultures (D), expressed as a percentage of tetallcedtment with
xanthosine led to an increase in the percentage (m&&h it = 6) of BrdU positive cells.
Scale bar =100 um. E - Flow cytometric evaluation (see Methods) of cell cycle
distribution for MEC in xanthosine-treated (E) and control cultures (F). Xan#osi
treatment led to an increase in the number of cells in S+G2/M phases of theleell cyc
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Figure 19. Primary cultures of bovine MEC contain label-retairepghelial cells
(LREC). Growing cultures of MEC were labeled with BrdU for ow& and the
percentage of BrdU-positive cells tracked weekly thereattith, cell passage every wk.
There was a progressive decrease in the number of BrdU-pastiserom wk 3 (A;n
=2), 4 (B;n =2) and 5 (Cn = 2) to wk 6 (Dn =6), depicted in panel E. By th& @k the
percentage of LREC plateaued. The LREC were actively dividiogrquiescent cells, as
evidenced by karyokinesis (arrows) and dilution of BrdU label in sa&R&EC
(arrowheads). Scale bars: (A-C) =100 pum, (D) =50 um
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Recent studies have suggested that LREC represent mammary stem/pragésiin
bovine mammary gland in vivo (Capuco et al., 2009; Choudhary et al., 2010a) and in
human mammosphere cultures (Dey et al., 2009). Our preliminary data (not shown)
indicate the xanthosine increases symmetric division of LREC in bovine MEQCes.
However, further characterization of these LREC is necessary.
Symmetrical cell division and stem/progenitor cells

To evaluate the influence of xanthosine on symmetric/asymmetric division, an in
situ immuno-cytochemical assay was used to visualize the distribution ofl&vdl
between the two daughter cells of a parental cell division. MEC were indukiite
BrdU, plated at cloning density, and the distribution of label was then tracked imelaug
cells of a parental division. When grown in the absence of xanthosine, 56% of daughter
pairs contained two BrdU-positive cells, indicative of symmetricaldieision and the
even distribution of BrdU-labeled DNA between the daughter cells (Figure 20A);
whereas 44% of daughter pairs contained a single BrdU-positive cell, indicat
asymmetrical parental cell division (Figure 20B). In contrast, whéswele incubated
with xanthosine the proportion of cells undergoing symmetrical cell division sexlea
from the 56% observed in control cultures to 72% in xanthosine-treated cultures (P <
0.05; Figure 20C). We assume that these dividing cells contain a substantial proportion
of stem cells (or progenitor cells) and their population is expanded by the syraimetr
division induced by xanthosine. This is consistent with in vitro studies by Slagidey
colleagues, who demonstrated that treatment of rat hepatocytes with xanthasased

symmetrical division of hepatocyte stem cells (Lee et al., 2003).
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Figure 20. Detection of symmetric and asymmetric cell dimisoy daughter pair
analysis Representative micrographs illustrating symmetric divisionadd asymmetric
division (B) of MEC (insets are higher magnification imagesvad tdaughter cells
depicted in the panel).-reatment of MEC with xanthosine led to an increase in the
proportion of cells undergoing symmetric cell divisidh< 0.05)(representative data of
three independent experiments). Photomicrographd=NMDC3B immunostaining in
xanthosine-treated (D) and control (E) culturés. Xanthosine led to an increase in the
percentage (mean $E, n = 3) of FNDC3B-positive cells across different passBye (

Scale bars: (A-B) =50 pm, (D-E) =100 pm.
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Additional support for the conclusion that xanthosine increased the population of
stem/progenitor cells is provided by increased telomerase actidty MBDC3B
expression by xanthosine-treated cells. We observed that xanthosing-tréatees
tended to have more telomerase activity (pmd8itEis) than control cultures (0.14 vs.
0.075; P =0.11). This trend toward increased telomerase activity in xanthoaiee-tre
cells was consistently observed in repeated experiments. Becausedsoamivity is
primarily found in stem cells and progenitor cells (Meeker and Coffey, 198&¥€eTdata
are consistent with a xanthosine-induced increase in the population of these cells.
Furthermore, we showed that xanthosine treatment increased the number GB-NDC
positive cells in culture (Figure 20D-F). FNDC3B is a potential marker of bovine
mammary stem and progenitor cells that we recently identified by nriayoanalysis of
LREC, which were excised by laser microdissection from cryosectionarofmary
tissue (Choudhary et al., 2010a). We quantified the percentage of FNDC3B-posigve
and found an increased percentage of FNDC3B-positive cells in xanthositezitre
cultures (n =3) compared with control cultures (929 vs. 5.0 1..2; P < 0.05; passage
6). In a cell later passage, mean percentage of FNDC3B-positive cdliedduit the
effect of xanthosine was highly significant (7.1 8 vs. 2.2 4.4; P <0.01; passage 9).
The effect of xanthosine on two passages were significant (P = 0.015). Together thes
observations strengthen the hypothesis that xanthosine increases the populatiameof bovi
mammary stem/progenitor cells in vitro, which is consistent with an esrhgvo study
of prepubertal bovine mammary gland wherein intramammary infusion of xanthosine
increased the putative mammary stem cell population (Capuco et al., 2009). We

evaluated expression of additional novel markers for bovine mammary stem/mogenit
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cells, NR5A2 and NUP153 (Choudhary et al., 2010a). However, unlike the situation in
histological sections, where NR5A2 staining was exclusively nucldé jceulture

showed varied NR5A2 staining that ranged from faint to intense nuclear staining and
diffuse cytoplasmic staining. NUP153 stained the majority of epithelislwéh a

gradient that ranged from intense to weak (data not shown), making quantitat@ndtdiffi
Apart from having a role in maintaining nuclear envelope structure, NUP153 lmas bee
associated with spreading and migration of breast carcinoma cells (Zhoardged P

2010) and may play a role in spreading and migration of epithelial cells in culture,
rendering it a poor progenitor cell marker in vitro.

In the present study, we evaluated the impact of xanthosine on proliferation of
bovine MEC in culture. We found that xanthosine enhanced proliferation of bovine
MEC. Xanthosine increased the number of stem/progenitor cells in culture, ascedide
by an increase in the expression of FNDC3B and telomerase activity atiuighvaas
accomplished by enhancing symmetrical division of mammary stem celésstTialy
provides support for the ability of xanthosine to expand the mammary stem cell
population and support for the exciting prospect of regulating mammary stem cell

number by treatment with a naturally occurring nucleoside.

This is the final draft of the manuscript to be submitted for publication.
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Chapter 7: Conclusions

The overall goal of this dissertation research was to expand our knowledge of
bovine mammary stem cells. Specific aims were to: (1) characterizeotied géne
expression profiles of putative bovine MaSCs and progenitor cells in vivo (2) identify
potential protein biomarkers of MaSCs and progenitor cells and (3) confirm lthyeatti
xanthosine to increase expansion of MaSCs using an in vitro model system.

Previous studies have evaluated MaSCs after removing them from theireditem c
niche,i.e. the microenvironment of surrounding signaling molecules and other
noncellular components that support stem cell function and survival. In this thesis
research, a novel approach was taken that retains histological information by
characterizing gene expression in putative MaSCs directly afteiirirgiu excision from
intact tissue. Putative stem and progenitor cells (LREC) were iderdifi@@xcised from
cryosections using laser microdissection. To enable this approach, a metstadthfog
LREC within tissue cryosections while maintaining RNA quality was éieveloped.
Using this method, LREC and neighboring epithelial control (non-LREC) celis w
identified and excised from two different locations: basal and embedded laylees of
mammary epithelium. The underlying hypotheses were that LREC in thkedpgihelial
layer are MaSCs, whereas those in embedded layers are more committed qroghsit
and that by comparing the transcriptomes of these cells with neighlocontgl cells
one can obtain molecular profiles and biomarkers for MaSCs and progenitor cells

Results support these hypotheses and provide novel candidate markers for
MaSCs. Transcriptome analysis uncovered several underlying networkgeransith

stem cell function and the stem cell niche. Genes that were highly expres$sdaG
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served as potential biomarkers of MaSCs and progenitor cells. Among these, NR5A2,
NUP153, HNF4A and FNDC3B genes were of particular note and have been evaluated
by immunohistochemistry as novel potential markers of prepubertal ananggiznd.
Frequencies and distributions of these markers were consistent with theagapext

their being stem/progenitor cell characteristics. Together, thadésregsggest that LREC

in the basal layer are MaSCs and that the LREC in the suprabasaléaye¥mbedded
layer) are progenitor cells.

Additionally, genes that were highly expressed in LREC and encode surface
proteins were identified (Appendix Table 6). Some, if not all, of these gegbs serve
as potential surface markers, either alone or in combination. Whereaskamnar
expressed in nuclei facilitate histological identification of these taegkst, biomarkers
expressed on the cell surface facilitate the isolation of viable taidtgetareadditional
characterization.

In another study, | attempted to manipulate stem cell number by treatimaryri
cultures of bovine mammary epithelium with xanthosine. Previous studies had stiggeste
that xanthosine in increases stem cell number in hepatic tissue in vitro and bovine
mammary stem cells (LREC) in vivo. In this study, | found that xanthosineeea
increases cell proliferation, promotes symmetric cell division and sesea
stem/progenitor cell activity. This study also suggests that prinudteyres of mammary
epithelium contain LREC and that these are actively dividing cells.

Insights into the biology of stem cells will be gained by further confionatf
candidate MaSCs markers identified and evaluated in this research. Agpropria

biomarkers will provide means to identify MaSCs and facilitate our understpatli
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their functions in mammary development, homeostasis and cancer. Specificfae# sur
markers will be useful for future isolation of MaSCs and investigations oflilzdagy.
In vitro studies showing that xanthosine promotes symmetric division and increased
proliferation of primary bovine mammary epithelial cells confirm previous tepor
other systems and suggest that this nucleoside may provide an effective means to
promote the expansion of MaSCs.

The research described in this dissertation provides a foundation for a number of
important future studies. (1) It is necessary to quantify the relationship pehR&sC
and the candidate biomarkers identified by this thesis research. This would iarolve
immunohistochemical evaluation of coexpression of the various markers to each other
and the relationship to LREC. (2) Because data profiling gene expressiBE® &and
control cells were derived from evaluation of cells in specific locationspdssible to
identify paracrine factors that regulate cell-cell interactions. Thisbayet been fully
explored and remains an area for future data analysis and research. (3aThe dat
presented in this thesis support the hypothesis that LRECb are stem cellg and tha
embedded LREC are progenitor cells. However, demonstration of the ditieoent
potentcy of these cells necessitates their isolation and evaluation usingvéanal
system or an in vivo system, such as the cleared fat of an immunodeficient mouse
(perhaps made more like the bovine fat pad by prior implantation of bovine fibrablasts)
Utilization of the putative membrane MaSC/progenitor cell markers may suakecell
isolations possible by single or multiparametric flow cytometry (4) Appiiity of these
potential biomarkers to other species should be investigated. This would involve

guantitative immunohistochemistry or an anaylsis of cell populations in otheespeci
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(e.g., mouse) that are known to have increased stem cell functionality. (5) Ttre in vi
study evaluating effects of xanthosine on primary cultures of bovine manepi#nelial
cells supports the hypothesis that xanthosine can induce expansion of the stem cell
population. Thus, further studies are warrented to evaluate the impact of intrearyam
infusions of xanthosine on mammary growth, cell turnover, and milk production

efficiency.
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Appendix

Appendix Figure 1. Flow chart for identification, isolation and characterizati of

presumptive bovine MaSCs
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Appendix Table 1: Transcripts that were differentially expressed in LREGbECDb
(*positive values for fold-change indicate that expression is higher in biREC

Bovine
RefSeq ID

Bovine RefSeq_Description

P value

Fold
change*

XM_584232.4

PREDICTED: Bos taurus hypothetical
LOC539014, transcript variant 1
(LOC539014), mRNA

0.0000090

4.34

XM_001788604.1

PREDICTED: Bos taurus similar to
guanylate binding protein 4 (LOC507055),
mMRNA

0.0000774

2.38

XM_001790319.1

PREDICTED: Bos taurus sirtuin (silent
mating type information regulation 2
homolog) 2 (S. cerevisiae) (SIRT2), mMRNA

0.0001415

\

2.04

XM_614275.4

PREDICTED: Bos taurus similar to one
twenty two protein, transcript variant 1
(RBM15), mRNA

0.0003939

2.70

NM_001102150.1

Bos taurus phosphoserine aminotransfera
1 (PSAT1), mRNA

1$E0006365

2.08

XM_001251199.1

PREDICTED: Bos taurus similar to
SWI/SNF-related, matrix-associated actin-
dependent regulator of chromatin, subfam
a, containing DEAD/H box 1, transcript
variant 1 (SMARCAD1), mRNA

0.0007888

ily

2.27

NM_001037629.1

Bos taurus translocase of inner
mitochondrial membrane 8 homolog B
(yeast) (TIMM8B), nuclear gene encoding
mitochondrial protein, mMRNA

0.0010158

3.44

XR_028625.1

PREDICTED: Bos taurus misc_RNA
(LOC521100), miscRNA

0.0010857

2.43

NM_001046166.1

Bos taurus PWP1 homolog (S. cerevisiag
(PWP1), mRNA

)0.0010980

3.22

NM_001035424.1

Bos taurus myoneurin (Mynn), mRNA

0.00122

5822

NM_001077928.1

Bos taurus plexin domain containing 2
(PLXDC2), mRNA

0.0012746

3.22

XM_001249400.2

PREDICTED: Bos taurus similar to
fibronectin type Il domain containing 3B,
transcript variant 1 (FNDC3B), mRNA

0.0013167

2.85

NM_001100293.1

Bos taurus chemokine (C-C motif) recept
4 (CCR4), mRNA

DI0.0014255

2.77

XM_610845.4

PREDICTED: Bos taurus serum deprivati
response (phosphatidylserine binding
protein) (SDPR), partial mMRNA

00.0014426

3.57

NM_001076532.1

Bos taurus cell division cycle and apoptos

5is 0.0016

4300
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regulator 1 (CCAR1), mRNA

NM_001035405.1

Bos taurus SLAIN motif family, member 2
(SLAIN2), mRNA

0.0017160

2.32

NM_001075966.1

Bos taurus reticulon 1 (RTN1), mRNA

0.00173

P22

XM_615384.4

PREDICTED: Bos taurus hypothetical
LOC535329, transcript variant 1
(LOC535329), mRNA

0.0017493

2.94

XM_611687.3

PREDICTED: Bos taurus similar to WW
and C2 domain containing 2 (WWC2),
MRNA

0.0018918

2.17

XM_602501.4

PREDICTED: Bos taurus similar to
CG10038 CG10038-PB (LOC524181),
mMRNA

0.0019341

2.94

NM_001001153.2

Bos taurus monoacylglycerol O-
acyltransferase 1 (MOGAT1), mRNA

0.0019923

2.38

XM_588427.3

PREDICTED: Bos taurus similar to cell
division cycle 2-like 5, transcript variant 3
(CDC2L5), mRNA

0.0019942

2.32

NM_001035489.1

Bos taurus mitochondrial ribosomal prote
L38 (MRPL38), nuclear gene encoding
mitochondrial protein, mMRNA

M.0020430

2.56

XM_864360.3

PREDICTED: Bos taurus DEAH (Asp-Glu
Ala-His) box polypeptide 29, transcript
variant 3 (DHX29), mRNA

-0.0020763

2.00

XM_591626.4

PREDICTED: Bos taurus similar to
NKG2A (LOC513869), mRNA

0.0022039

2.08

NM_001076853.1

Bos taurus zinc finger, CW type with
PWWP domain 1 (ZCWPW1), mRNA

0.0024420

6.25

XM_582828.3

PREDICTED: Bos taurus similar to
exonuclease 1 (EXO1), mRNA

0.0025101

3.33

NM_001046051.1

Bos taurus PRP3 pre-mRNA processing
factor 3 homolog (S. cerevisiae) (PRPF3),
MRNA

0.0025905

4.76

XM_001787646.1

PREDICTED: Bos taurus similar to
phospholipase C-like 1 (LOC537873),
partial MRNA

0.0026253

2.94

NM_001101278.1

Bos taurus family with sequence similarity
108, member B1 (FAM108B1), mRNA

0.0026324

2.22

XM_867682.3

PREDICTED: Bos taurus hypothetical
LOC615784 (LOC615784), mRNA

0.0027999

3.44

NM_001038167.1

Bos taurus ubiquitin-conjugating enzyme

E2D 1 (UBC4/5 homolog, yeast) (UBE2D1

MRNA

0.0029172

p—

2.56

NM_001077009.1

Bos taurus purinergic receptor P2Y, G-

protein coupled, 14 (P2RY14), mRNA

0.0029755

2.38
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NM_001080272.1

Bos taurus oncostatin M receptor (OSMR
MRNA

0.0029895

2.12

NM_001077885.1

Bos taurus transcription factor 12 (TCF12
MRNA

)0.0030053

2.17

NM_001080232.1

Bos taurus regulator of G-protein signalin
13 (RGS13), mRNA

00.0030566

2.04

NM_001045944.1

Bos taurus cysteinyl-tRNA synthetase 2,
mitochondrial (putative) (CARS2), nuclear
gene encoding mitochondrial protein,
MRNA

0.0031095

2.00

NM_001102336.1

Bos taurus hypothetical protein LOC7851]
(MGC157332), mRNA

66.0032146

2.22

NM_001076549.1

Bos taurus zinc finger protein 181
(ZNF181), mRNA

0.0035618

2.32

NM_001102038.1

Bos taurus hippocampus abundant transg
1 (HIAT1), mRNA

riho037120

2.04

XM_584315.4

PREDICTED: Bos taurus similar to
chromosome 14 open reading frame 106
(LOC507661), mRNA

0.0038451]

3.84

NM_001099378.1

Bos taurus solute carrier family 15
(oligopeptide transporter), member 1
(SLC15A1), mRNA

0.0039187

2.17

XM_001251108.2

PREDICTED: Bos taurus similar to
mitogen-activated protein kinase kinase
kinase kinase 3, transcript variant 1
(MAP4K3), mRNA

0.0039209

2.50

XM_612879.3

PREDICTED: Bos taurus zinc finger
CCCHe-type containing 13, transcript varia
1 (ZC3H13), mRNA

0.0040668
nt

2.50

XM_001250449.2

PREDICTED: Bos taurus mitogen-activat
protein kinase 8 (MAPKS8), mRNA

£0.0040971

2.12

XM_592304.4

PREDICTED: Bos taurus similar to Protei
flightless-1 homolog, transcript variant 1
(FLII), mRNA

n0.0041069

2.12

NM_001014923.1

Bos taurus nuclear factor (erythroid-derive
2), 45kDa (NFE2), mRNA

20.0041825

2.38

NM_203323.2

Bos taurus spermidine/spermine N1-
acetyltransferase family member 2 (SAT2
MRNA

0.0041956

4.34

XM_864360.3

PREDICTED: Bos taurus DEAH (Asp-Gluy
Ala-His) box polypeptide 29, transcript
variant 3 (DHX29), mRNA

-0.0043129

2.08

NM_001046430.1

Bos taurus ubiquitin specific peptidase 15
(USP15), mRNA

0.0043334

10.00

XM_868974.2

PREDICTED: Bos taurus THAP domain

0.0043682

containing 9 (THAP9), mRNA

5.55
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NM_001102190.1

Bos taurus regulating synaptic membraneg
exocytosis 2 (RIMS2), mRNA

0.0044392

2.12

XM_001789737.1

PREDICTED: Bos taurus hypothetical
protein LOC616962 (LOC616962), mRNA

0.0044770

2.50

NM_001098066.1

Bos taurus poly(A) polymerase gamma
(PAPOLG), mRNA

0.0045062

3.44

NM_001034419.1

Bos taurus hydroxyprostaglandin
dehydrogenase 15-(NAD) (HPGD), mRNA

0.0046655

2.70

NM_001037463.1

Bos taurus WW domain containing E3
ubiquitin protein ligase 1 (WWP1), mRNA

0.0046752

3.03

XM_599499.4

PREDICTED: Bos taurus similar to iroqua
homeobox protein-like 1 (MKX), mRNA

19.0048161

2.27

XM_593139.4

PREDICTED: Bos taurus similar to
5033413D22Rik protein (LOC515167),
MRNA

0.0048473

2.43

NM_001083500.1

Bos taurus hypothetical LOC541171
(MGC143035), mRNA

0.0050889

2.56

XM_001788244.1

PREDICTED: Bos taurus similar to
ceramide kinase-like (LOC617767), mMRN/

0.0052627
\

2.27

NM_001046143.1

Bos taurus CDKN2A interacting protein
(CDKN2AIP), mRNA

0.0053890

454

NM_001035412.1

Bos taurus mitochondrial fission regulator
(MTFR1), nuclear gene encoding
mitochondrial protein, mMRNA

0.0053943

2.32

XM_596359.4

PREDICTED: Bos taurus crumbs homolo
1 (Drosophila) (CRB1), mRNA

§0.0054225

3.22

XM_606001.4

PREDICTED: Bos taurus similar to
Elongation factor Tu GTP-binding domain/
containing protein 1 (EFTUD1), partial
MRNA

0.0054279

2.08

XM_864645.3

PREDICTED: Bos taurus similar to
alkylglycerone phosphate synthase,
transcript variant 2 (AGPS), mRNA

0.0054312

3.22

XM_584095.4

PREDICTED: Bos taurus similar to ankyri
repeat and SOCS box-containing protein 7
(ASB7), mRNA

n0.0055161

y

2.32

NM_001098106.1

Bos taurus basic transcription factor 3-like
(BTF3L4), mRNA

» @.0055990

2.00

XM_001249810.2

PREDICTED: Bos taurus similar to LON
peptidase N-terminal domain and RING
finger protein 3, transcript variant 1
(LONRF3), mRNA

0.0057335

2.38

XM_617670.4

PREDICTED: Bos taurus similar to ankyri
repeat domain 41 (ANKRD41), mRNA

n0.0058692

2.63

XM_869350.3

PREDICTED: Bos taurus similar to histon

€0.0058891

deacetylase 7A, transcript variant 2

2.08
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(LOC509843), mRNA

XM_581038.3

PREDICTED: Bos taurus similar to
myeloid/lymphoid or mixed-lineage
leukemia (trithorax homolog, Drosophila);
translocated to, 4 (MLLT4), mRNA

0.0059144

2.00

NM_174554.2

Bos taurus insulin-like growth factor
binding protein 1 (IGFBP1), mRNA

0.0059435

2.56

XM_581757.3

PREDICTED: Bos taurus similar to
cytochrome P450 2C92 (LOC505468),
MRNA

0.0059466

2.38

XM_605785.4

PREDICTED: Bos taurus similar to
Pygopus homolog 1 (PYGO1), mRNA

0.0059950

2.94

XM_603252.4

PREDICTED: Bos taurus similar to
progesterone-induced blocking factor 1
(PIBF1), mRNA

0.0059989

2.17

NM_001076926.1

Bos taurus neuronal guanine nucleotide
exchange factor (NGEF), mRNA

0.0060157

2.27

XM_616050.3

PREDICTED: Bos taurus similar to LATS
homolog 1, transcript variant 1 (LATS1),
MRNA

0.0061121

2.27

XM_001790585.1

PREDICTED: Bos taurus similar to
cytoplasmic FMRL1 interacting protein 1
(LOC100141021), mMRNA

0.0063718

2.27

XM_589504.3

PREDICTED: Bos taurus similar to DIP2
disco-interacting protein 2 homolog B
(DIP2B), mMRNA

0.0066679

2.63

NM_174056.3

Bos taurus fibroblast growth factor 2 (bas
(FGF2), mRNA

d).0066798

3.03

NM_001038201.1

Bos taurus signal recognition particle 54k
(SRP54), mRNA

D& 0068338

2.08

XM_589621.4

PREDICTED: Bos taurus similar to NFX1
type zinc finger-containing protein 1
(ZNFX1), mRNA

-0.0071001

2.63

XM_615492.4

PREDICTED: Bos taurus similar to
membrane bound O-acyltransferase doma
containing 1 (MBOAT1), mRNA

0.0071345
N

2.04

XM_615597.4

PREDICTED: Bos taurus similar to nucles
receptor subfamily 5, group A, member 2,
transcript variant 1 (NR5A2), mRNA

110.0072373

2.50

NM_001040510.2

Bos taurus Down syndrome critical region
protein 3 (DSCR3), MRNA

0.0072837

2.00

XM_614439.4

PREDICTED: Bos taurus similar to early
endosome antigen 1, transcript variant 4
(LOC534614), mMRNA

0.0072842

2.22

NM_001035461.1

Bos taurus ribonuclease P/IMRP 30kDa

0.0073

338
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subunit (RPP30), mRNA

NM_001099209.1 Bos taurus hypothetical protein LOC78875@.0074665 3.12
(MGC152484), mRNA

XR_042701.1 PREDICTED: Bos taurus misc_RNA 0.0075318 3.44
(LOC786759), miscRNA

NM_001075518.1 Bos taurus aldehyde dehydrogenase 3 | 0.0075521] 2.00
family, member B1 (ALDH3B1), mRNA

NM_001075547.1 Bos taurus secernin 3 (SCRN3), mRNA 0.0077p3Q@2

XM_596263.4 PREDICTED: Bos taurus similar to ATP- | 0.0078359 2.77
binding cassette transporter 13
(LOC518080), mMRNA

NM_173879.2 Bos taurus coagulation factor V 0.0078616 2.56
(proaccelerin, labile factor) (F5), mMRNA

XM_875092.3 PREDICTED: Bos taurus similar to 0.0079752 2.12
Cytoplasmic polyadenylation element-
binding protein 3 (CPE-binding protein 3)
(CPE-BP3) (hCPEB-3), transcript variant 3
(CPEB3), mRNA

NM_001080289.1 Bos taurus hypothetical LOC526913 0.0079944 3.70
(MGC148942), mRNA

XM_864068.3 PREDICTED: Bos taurus similar to v-raf | 0.0080007 2.08
murine sarcoma viral oncogene homolog B1,
transcript variant 2 (BRAF), partial mRNA

NM_001076865.1 Bos taurus telomeric repeat binding factor 0.0080705 3.70
(NIMA-interacting) 1 (TERF1), mRNA

NM_001081616.1 Bos taurus VMA21 vacuolar H+-ATPase | 0.0082859 4.54
homolog (S. cerevisiae) (VMA21), mRNA

NM_001109789.1 Bos taurus PRP39 pre-mRNA processing 0.0084216 2.77
factor 39 homolog (S. cerevisiae) (PRPF3P),
MRNA

NM_001110181.1 Bos taurus excision repair cross- 0.0084751 2.38
complementing rodent repair deficiency,
complementation group 8 (ERCC8), mRNA

XM_001790639.1 PREDICTED: Bos taurus NOL1/NOP2/Sur®.0087732 2.70
domain family, member 4 (NSUN4), mRNA

XM_001789358.1] PREDICTED: Bos taurus similar to 0.0088459 2.43
membrane associated guanylate kinase, WW
and PDZ domain containing 1, transcript
variant 1 (LOC783484), mRNA

NM_001046029.1 Bos taurus chromosome X open reading | 0.0088953 2.00
frame 41 ortholog (CXHXORF41), mRNA

XM_603300.3 PREDICTED: Bos taurus similar to nucleai0.0089694 5.55
receptor interacting protein 1 (NRIP1),
MRNA

XM_001789545.1 PREDICTED: Bos taurus similar to Obg- | 0.0090148 2.04

like ATPase 1 (GTP-binding protein 9)
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(LOC541081), mRNA

XM_586772.4 PREDICTED: Bos taurus alcohol 0.0091125 2.08
dehydrogenase 1C (class I), gamma
polypeptide, transcript variant 1 (ADH1C),
MRNA

NM_001113232.1 Bos taurus dermatan sulfate epimerase | 0.0093964 2.70
(DSE), mRNA

XM_592213.4 PREDICTED: Bos taurus coiled-coll 0.0095257 4.16
domain containing 11 (CCDC11), mRNA

NM_001076354.1 Bos taurus MAP6 domain containing 1 | 0.0096048 2.08
(MAP6D1), mRNA

NM_001102215.1 Bos taurus zinc finger, ZZ-type containing 8.0096630 2.63
(2Z2Z3), mRNA

NM_001046113.1 Bos taurus myocyte enhancer factor 2C | 0.0096783 2.04
(MEF2C), mRNA

NM_001075823.1 Bos taurus sulfotransferase family, 0.0097722 2.77
cytosolic, 1B, member 1 (SULT1B1),
MRNA

NM_001075118.1 Bos taurus pyrophosphatase (inorganic) 1 0.0097963 2.38
(PPAL), mRNA

NM_001046309.1 Bos taurus BMP and activin membrane- | 0.0098548 2.00
bound inhibitor homolog (Xenopus laevis)
(BAMBI), mRNA

NM_001075749.1 Bos taurus radixin (RDX), mRNA 0.0099142.50

NM_001113282.1] Bos taurus processing of precursor 4, 0.0100811 2.94
ribonuclease P/MRP subunit (S. cerevisiag)
(POP4), transcript variant 1, mRNA

XM_585315.3 PREDICTED: Bos taurus hypothetical 0.0101561 2.32
LOC508527 (LOC508527), mRNA

NM_001046060.1 Bos taurus GTPase, IMAP family member @.0102828 2.77
(GIMAP4), mRNA

NM_174011.3 Bos taurus CD3e molecule, epsilon (CD3F0.0103942 2.08
TCR complex) (CD3E), mRNA

NM_001083734.1 Bos taurus ring finger and SPRY domain | 0.0104790 2.43
containing 1 (RSPRY1), mRNA

NM_001081736.1 Bos taurus IKK interacting protein (IKIP), | 0.0105793 2.32
MRNA

XM_001253151.2 PREDICTED: Bos taurus similar to von | 0.0106237 2.22
Willebrand factor C and EGF domains
(VWCE), mRNA

NM_001076112.1 Bos taurus GLI pathogenesis-related 2 | 0.0107706 2.50
(GLIPR2), mRNA

XM_864958.3 PREDICTED: Bos taurus similar to G 0.0108448 2.17

elongation factor, transcript variant 3

(GEM1), mRNA
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NM_001015557.1

Bos taurus hepatocyte nuclear factor 4,
alpha (HNF4A), mRNA

0.0109094

2.00

XM_615064.4

PREDICTED: Bos taurus similar to Dixin
(DIX domain-containing protein 1) (Coiled;
coil protein DIX1) (Coiled-coil-DIX1)
(DIXDC1), mRNA

0.0109587

2.22

XM_590563.4

PREDICTED: Bos taurus similar to Protei
SPT2 homolog (SPT2 domain-containing
protein 1) (Protein KU002155) (SPTY2D1
MRNA

n0.0110319

2.50

NM_174071.2

Bos taurus glycine receptor, beta (GLRB)
MRNA

, 0.0110402

2.56

NM_001076164.1 Bos taurus protein phosphatase 1, regulat@111674 2.04
(inhibitor) subunit 3C (PPP1R3C), mRNA

NM_001076835.1 Bos taurus kelch-like 20 (Drosophila) 0.0113016 2.22
(KLHL20), mRNA

XM_592504.4 PREDICTED: Bos taurus similar to START0.0114595 4.54
domain containing 10 (STARD10), mRNA

XM_878406.3 PREDICTED: Bos taurus similar to protein0.0115115 2.94
kinase N2, transcript variant 3 (PKN2),
MRNA

NM_174385.2 Bos taurus latent transforming growth factd.0116489 2.27
beta binding protein 2 (LTBP2), mRNA

NM_001076065.1 Bos taurus esterase D/formylglutathione | 0.0118133 2.27
hydrolase (ESD), mRNA

NM_001081529.1 Bos taurus family with sequence similarity 0.0118487 2.63
55, member C (FAM55C), mRNA

NM_001012399.1 Bos taurus hemochromatosis (hfe), mMRNA  0.01195%560

XM_001253405.2 PREDICTED: Bos taurus similar to dual | 0.0119634 2.56
specificity phosphatase 11 (LOC786531),
MRNA

NM_001083791.1 Bos taurus SH3 domain binding glutamic| 0.0121882 2.00
acid-rich protein like 2 (SH3BGRL2),
MRNA

NM_001076973.1 Bos taurus hypothetical protein FLJ13868 0.0122437 2.32
(FLJ13868), mRNA

XM_587287.4 PREDICTED: Bos taurus proline-rich 0.0122585 2.08
cyclin Al-interacting protein (PROCAL),
MRNA

NM_001046523.1 Bos taurus hepatitis A virus cellular 0.0123479 3.12
receptor 1 N-terminal domain containing
protein (MGC137099), mRNA

NM_001076299.3 Bos taurus solute carrier family 25, memhe3.0124654 2.22

40 (SLC25A40), nuclear gene encoding
mitochondrial protein, mMRNA
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XM_581753.4

PREDICTED: Bos taurus similar to
pseudouridylate synthase 7 homolog (S.
cerevisiae)-like (PUS7L), mRNA

0.0125166

3.84

NM_174456.2

Bos taurus N-myristoyltransferase 2
(NMT2), mRNA

0.0126052

2.38

NM_001034599.1

Bos taurus chromosome 10 open reading
frame 58 ortholog (C28H100rf58), mRNA

0.0127909

2.27

NM_001075479.1

Bos taurus paraoxonase 3 (PON3), mRN

A 0.0127

2312

NM_001113277.1

Bos taurus kininogen 1 (KNG1), transcrip
variant Il, mMRNA

1 0.0127964

2.22

XM_592026.4

PREDICTED: Bos taurus caspase 1,
apoptosis-related cysteine peptidase
(interleukin 1, beta, convertase), transcripf
variant 1 (CASP1), mRNA

0.0128057

2.32

XM_588044.3

PREDICTED: Bos taurus similar to
Uncharacterized protein KIAA0247
(LOC510837), mMRNA

0.0128084

2.27

NM_001015642.2

Bos taurus carboxypeptidase X (M14
family), member 1 (CPXM1), mRNA

0.0129254

2.77

NM_001101167.1

Bos taurus RCD1 required for cell
differentiation1 homolog (S. pombe)
(RQCD1), mRNA

0.0130297

2.22

NM_001099066.1

Bos taurus solute carrier family 25
(mitochondrial carrier; phosphate carrier),
member 24 (SLC25A24), nuclear gene
encoding mitochondrial protein, mMRNA

0.0131019

2.43

NM_001130931.1

Bos taurus nucleoporin 205kDa (NUP205
MRNA

)0.0132027

2.12

NM_001038195.1

Bos taurus 1Q motif containing G (IQCG),
MRNA

0.0133012

2.70

NM_001014933.2

Bos taurus CSE1 chromosome segregati
1-like (yeast) (CSE1L), mRNA

D0.0139152

2.43

XM_864293.3

PREDICTED: Bos taurus similar to
Transcription cofactor vestigial-like protein
1 (Vgl-1) (Protein TONDU), transcript
variant 4 (VGLL1), mRNA

0.0139606

2.94

XR_043028.1

PREDICTED: Bos taurus misc_RNA
(LOC100138100), miscRNA

0.0140994

2.17

XM_606667.4

PREDICTED: Bos taurus similar to
jumoniji, AT rich interactive domain 2
protein, transcript variant 6 (JARID2),
MRNA

0.0141447

2.50

NM_174684.2

Bos taurus ATP synthase, H+ transportin
mitochondrial F1 complex, alpha subunit 1
cardiac muscle (ATP5A1), nuclear gene
encoding mitochondrial protein, mMRNA

h0.0143320

2.22
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NM_001015639.1

Bos taurus proteasome (prosome,
macropain) 26S subunit, ATPase, 2
(PSMC2), mRNA

0.0144093

3.33

XM_001252669.1

PREDICTED: Bos taurus similar to
Endopin 1b, transcript variant 1
(LOC784964), mRNA

0.0145056

2.08

NM_001105457.1

Bos taurus cytotoxic and regulatory T cell
molecule (CRTAM), mRNA

0.0145094

2.00

NM_001083437.1

Bos taurus chromosome 8 open reading
frame 70 ortholog (C14H8ORF70), mRNA

0.0146269

2.12

NM_001083416.1 Bos taurus EF-hand domain family, membé&r0147691] 2.04
Al (EFHA1), mRNA

NM_174714.2 Bos taurus elastase 2A (ELA2A), mRNA 0.014978322

XM_614458.4 PREDICTED: Bos taurus CAP-GLY 0.0150572 4.76
domain containing linker protein 1,
transcript variant 1 (CLIP1), mRNA

XM_001251704.2 PREDICTED: Bos taurus GTP 0.0151185 2.04
cyclohydrolase 1 (dopa-responsive dystonia)
(GCH1), mRNA

XM_865801.2 PREDICTED: Bos taurus similar to DNA | 0.0151627 2.32
polymerase zeta catalytic subunit (hREV3),
transcript variant 2 (REV3L), mRNA

NM_001098157.1 Bos taurus hypothetical protein LOC784870.0152206 2.38
(MGC155143), mRNA

XM_871203.3 PREDICTED: Bos taurus similar to cDNA| 0.0152369 2.38
sequence BC004004 (LOC618886), mRNA

XM_868213.3 PREDICTED: Bos taurus similar to 0.0153443 3.12
Transcobalamin-1 precursor
(Transcobalamin I) (TCI) (TC I) (TCN1),
MRNA

XR_042741.1 PREDICTED: Bos taurus misc_RNA 0.0156604 2.56
(LOC785805), miscRNA

XM_594174.3 PREDICTED: Bos taurus NOL1/NOP2/Syr9.0157375 4.54
domain family, member 2 (NSUN2), mRNA

NM_174199.2 Bos taurus transition protein 1 (during 0.0157765 2.08
histone to protamine replacement) (TNP1),
MRNA

XM_868284.3 PREDICTED: Bos taurus similar to MRG- 0.0160638 2.63
binding protein (LOC616297), mMRNA

NM_001101217.1 Bos taurus far upstream element (FUSE)| 0.0163915 2.00
binding protein 3 (FUBP3), mRNA

NM_001083757.1 Bos taurus adenylate kinase 5 (AK5), 0.016510Q 2.50
MRNA

NM_001098085.1 Bos taurus copine VIII (CPNES8), mRNA 0.0166752.38

NM_001098032.1 Bos taurus cytoskeleton associated protejr020168264f 2.63

(CKAP2), mRNA
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NM_001105436.1

Bos taurus AU RNA binding protein/enoyl
Coenzyme A hydratase (AUH), nuclear ge
encoding mitochondrial protein, mMRNA

-0.0168548
ne

2.70

NM_001015672.2

Bos taurus family with sequence similarity
134, member B (FAM134B), mRNA

0.0169066

2.04

XM_001250879.2

PREDICTED: Bos taurus similar to Rho
guanine nucleotide exchange factor 3
(Exchange factor found in platelets and
leukemic and neuronal tissues) (XPLN)
(ARHGEF3), mRNA

0.0169439

2.00

NM_001079773.1 Bos taurus sperm equatorial segment prot€i9169528 2.56
1 (SPESP1), mMRNA

NM_001109789.1 Bos taurus PRP39 pre-mRNA processing 0.0171074 2.50
factor 39 homolog (S. cerevisiae) (PRPF3P),
MRNA

XM_614941.4 PREDICTED: Bos taurus similar to 0.0173030 2.56
ATPase, class I, type 8B, member 1,
transcript variant 1 (ATP8B1), mRNA

NM_001075782.1 Bos taurus ADP-ribosylation factor-like 6 | 0.0173410 2.32
(ARL6), mMRNA

NM_001075430.1 Bos taurus retinoic acid receptor responde0.0173763 2.94
(tazarotene induced) 1 (RARRES1), mRNA

NM_001082601.1 Bos taurus ubiquitin protein ligase E3 0.0175333 2.77
component n-recognin 7 (putative) (UBR7),
MRNA

NM_001034447.1 Bos taurus fructose-1,6-bisphosphatase 1 0.0176705 2.56
(FBP1), mRNA

NM_001105258.1 Bos taurus kinesin family member 20B | 0.0176928 2.32
(KIF20B), mRNA

NM_174301.3 Bos taurus chemokine (C-X-C motif) 0.0177191 4.00
receptor 4 (CXCR4), mRNA

NM_194465.2 Bos taurus murine retrovirus integration sjt6.0178000 2.85
1 homolog (MRVI1), transcript variant 2,
MRNA

XM_594801.4 PREDICTED: Bos taurus non-SMC 0.0178074 2.56
condensin Il complex, subunit G2
(NCAPG2), mRNA

XR_027254.2 PREDICTED: Bos taurus misc_RNA 0.0178521 2.17
(LOC530341), miscRNA

XM _592997.4 PREDICTED: Bos taurus similar to deltex 0.0178923 2.17
3-like (Drosophila) (DTX3L), mRNA

NM_001102264.1 Bos taurus cystinosis, nephropathic 0.0180025 2.00
(CTNS), mRNA

NM_001083665.1 Bos taurus chromosome X open reading | 0.0181614 2.04

frame 23 ortholog (CXHXORF23), mRNA
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XM_587403.4

PREDICTED: Bos taurus similar to Zinc
finger protein 800, transcript variant 1
(ZNF800), mRNA

0.0182360

2.63

NM_001075523.1

Bos taurus keratin 25 (KRT25), mRNA

0.01837

&.00

NM_001075704.1

Bos taurus chromosome 12 open reading
frame 4 ortholog (C5H120RF4), mRNA

0.0184511

2.12

XR_028361.2

PREDICTED: Bos taurus misc_RNA
(LOC535064), miscRNA

0.0188705

2.22

NM_001100314.1

Bos taurus phosphoinositide-3-kinase,
regulatory subunit 4 (PIK3R4), mRNA

0.0189040

2.17

XM_588277.3

PREDICTED: Bos taurus similar to zinc
finger, CCHC domain containing 8,
transcript variant 1 (ZCCHCB8), mRNA

0.0190035

2.85

NM_001029846.1

Bos taurus 2',5'-oligoadenylate synthetas
40/46kDa (OAS1), mMRNA

210190270

2.27

NM_001100384.1

Bos taurus PPPDE peptidase domain
containing 1 (PPPDE1), mRNA

0.0190358

2.12

XM_001788655.1

PREDICTED: Bos taurus similar to ATP-
dependent Clp protease ATP-binding subl
clpX-like, mitochondrial (LOC100138870),
MRNA

0.0192995
unit

2.04

XM_001253451.1

PREDICTED: Bos taurus CD320 molecul
(CD320), mRNA

£0.0194922

2.22

XM_614763.4

PREDICTED: Bos taurus asp (abnormal
spindle) homolog, microcephaly associate
(Drosophila) (ASPM), mRNA

0.0196826
d

2.70

XM_001252887.2

PREDICTED: Bos taurus regulator of G-
protein signaling 1, transcript variant 1
(RGS1), mMRNA

0.0199903

3.33

XM_001790155.1

PREDICTED: Bos taurus hydroxysteroid
(17-beta) dehydrogenase 6 homolog (mou
(HSD17B6), mRNA

0.0200277
se)

2.22

XM_612914.4

PREDICTED: Bos taurus killer cell lectin-
like receptor subfamily B, member 1
(KLRB1), mRNA

0.0204399

2.12

XM_001253131.2

PREDICTED: Bos taurus similar to solute
carrier family 10 (sodium/bile acid
cotransporter family), member 5
(SLC10A5), mRNA

0.0204546

10.00

NM_174002.2

Bos taurus calcium-sensing receptor
(CASR), mRNA

0.0205922

3.12

XM_582594.4

PREDICTED: Bos taurus similar to zinc
finger protein 77 (pT1) (LOC506181),
partial MRNA

0.0206840

2.56

NM_001034786.1

Bos taurus transmembrane protein 50B

0.0208215

(TMEMS50B), mRNA

2.27
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NM_001034497.1

Bos taurus solute carrier family 25, memb
34 (SLC25A34), mRNA

€.0208241

2.70

XM_581232.3

PREDICTED: Bos taurus similar to Rho
GTPase activating protein 21 (ARHGAP21
MRNA

0.0208455
L),

6.25

NM_001081519.1

Bos taurus DNA-damage-inducible
transcript 4-like (DDIT4L), mRNA

0.0209815

2.27

NM_174327.1

Bos taurus guanine nucleotide binding
protein (G protein), gamma transducing
activity polypeptide 1 (GNGT1), mRNA

0.0214050

2.94

NM_001101962.1

Bos taurus tubulin, epsilon 1 (TUBE1),
MRNA

0.0214546

2.04

XM_597427.4

PREDICTED: Bos taurus similar to
phosphatidylinositol glycan class V (PIGV
MRNA

0.0217290

3.84

NM_001098879.1

Bos taurus UTP18, small subunit (SSU)
processome component, homolog (yeast)
(UTP18), mRNA

0.0219434

2.56

XM_580785.4

PREDICTED: Bos taurus similar to MOR(
family CW-type zinc finger protein 2 (Zinc
finger CW-type coiled-coil domain protein
1), transcript variant 1 (MORC2), mRNA

£0.0221592

2.00

NM_001015619.1

Bos taurus coiled-coil domain containing
(CCDC51), mRNA

50.0222191]

2.04

XM_591264.3

PREDICTED: Bos taurus similar to
phospholipase C-like 3 (PLCH1), mRNA

0.0222957

2.32

NM_001076201.2

Bos taurus C1q and tumor necrosis facto
related protein 7 (CLQTNF7), mRNA

0.0223325

2.00

NM_001034687.1

Bos taurus S100P binding protein
(S100PBP), mRNA

0.0223941

3.44

XR_028739.2

PREDICTED: Bos taurus misc_RNA
(LOC789229), miscRNA

0.0227563

2.43

NM_001046265.1

Bos taurus sclerostin domain containing 1
(SOSTDC1), mRNA

[ 0.0227934

2.00

XM_001788685.1

PREDICTED: Bos taurus similar to
Kynureninase (L-kynurenine hydrolase)
(KYNU), mRNA

0.0228712

2.00

NM_174083.3

Bos taurus histamine receptor H1 (HRH1
MRNA

,0.0229477

2.08

NM_001105407.1

Bos taurus SUB1 homolog (S. cerevisiae
(SUBL1), mRNA

0.0230015

2.56

XM_598653.4

PREDICTED: Bos taurus similar to Protei
FAM23A (Brush border protein AdRab-C)
(LOC520412), mRNA

n0.0230439

2.27

NM_001101256.1

Bos taurus hypothetical LOC616371
(LOC616371), mMRNA

0.0231841

2.08
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NM_181029.2

Bos taurus casein alpha s1 (CSN1S1),
MRNA

0.0232999

2.12

XM_614126.4

PREDICTED: Bos taurus similar to CSRH
binding protein, transcript variant 2
(CSRP2BP), mRNA

2.0234880

2.08

XM_001252642.2

PREDICTED: Bos taurus similar to
serine/threonine kinase (TAOK3), mRNA

0.0236494

2.27

NM_001083777.1

Bos taurus receptor (G protein-coupled)
activity modifying protein 1 (RAMP1),
MRNA

0.0236663

2.38

NM_001105390.1

Bos taurus importin 13 (IPO13), mRNA

0.02397

3843

XM_001253780.2

PREDICTED: Bos taurus similar to
adiponutrin (PNPLA3), mRNA

0.0239887

2.32

NM_001002883.2

Bos taurus ST3 beta-galactoside alpha-2
sialyltransferase 6 (ST3GAL6), mRNA

3.0240124

2.43

XM_608505.4

PREDICTED: Bos taurus neuroligin 1
(NLGN1), mRNA

0.0244244

2.38

NM_001081579.1

Bos taurus ankyrin repeat domain 22
(ANKRD22), mRNA

0.0244657

2.32

NM_001038067.1

Bos taurus calcium binding tyrosine-(Y)-
phosphorylation regulated (CABYR),
MRNA

0.0244798

5.55

NM_174106.2

Bos taurus microtubule-associated protei
tau (MAPT), mRNA

N0.0245334

2.17

NM_001079646.1

Bos taurus FXYD domain containing ion
transport regulator 3 (FXYD3), mRNA

0.0247732

2.70

XM_001787389.1

PREDICTED: Bos taurus similar to methy
CpG binding domain protein 5
(LOC541084), mRNA

10.0247842

2.63

XM_001790251.1]

PREDICTED: Bos taurus similar to vesicl
transport-related protein (LOC100140328
mMRNA

£0.0249290

3.70

NM_001101090.1

Bos taurus L-2-hydroxyglutarate
dehydrogenase (L2ZHGDH), nuclear gene
encoding mitochondrial protein, mMRNA

0.0249644

2.12

XM_618164.4

PREDICTED: Bos taurus collagen, type |
alpha 3 (Goodpasture antigen) (COL4A3),
MRNA

V0.0249944

2.77

XM_872571.3

PREDICTED: Bos taurus isocitrate
dehydrogenase 3 (NAD+) beta, transcript
variant 6 (IDH3B), mRNA

0.0250154

2.63

XM_001251796.1

PREDICTED: Bos taurus similar to Zinc
finger X-linked protein ZXDB
(LOC783265), mRNA

0.0251185

2.17

XR_042808.1

PREDICTED: Bos taurus misc_RNA

0.0253114

(EMR3), miscRNA

2.32
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NM_001101908.1 Bos taurus transmembrane protein 120B | 0.0254946 2.17
(TMEM120B), mRNA

NM_001110082.1 Bos taurus RNA binding motif protein 34 | 0.0255110 2.22
(RBM34), mRNA

NM_001034218.1 Bos taurus fetuin B (FETUB), mRNA 0.0256588.33

NM_001098066.1 Bos taurus poly(A) polymerase gamma | 0.0257392 2.56
(PAPOLG), mRNA

XM_001254432.2 PREDICTED: Bos taurus similar to zinc | 0.0258698 2.17
finger protein 568 (ZNF793), mMRNA

NM_001013601.3 Bos taurus histocompatibility complex, 0.0261112 2.38
class Il, DQ alpha, type 1 (BOLA-DQAL),
MRNA

XM _864818.2 PREDICTED: Bos taurus similar to sirtuin 0.0262694 2.04
1, transcript variant 2 (SIRT1), mRNA

XM _590508.4 PREDICTED: Bos taurus similar to 0.0271513 2.17
carboxypeptidase A3 (LOC512903), mRNA

XM _870453.2 PREDICTED: Bos taurus similar to 0.0275501 2.38
desmuslin (DMN), mRNA

XM_001252642.2 PREDICTED: Bos taurus similar to 0.0275658 2.08
serine/threonine kinase (TAOK3), mRNA

XM_588670.3 PREDICTED: Bos taurus similar to coiled-0.0275952 2.27
coil and C2 domain containing 1B
(CC2D1B), mRNA

NM_001035491.1 Bos taurus hypothetical protein LOC617088.0279244 2.12
(LOC617088), MRNA

XM_001787333.1 PREDICTED: Bos taurus similar to zinc | 0.0280773 2.08
finger protein 665 (LOC785630), mRNA

XM_614908.4 PREDICTED: Bos taurus similar to TBC1| 0.0281442 2.17
domain family, member 8B (with GRAM
domain) (TBC1D8B), mMRNA

NM_181812.1 Bos taurus tRNA aspartic acid 0.0282625 2.08
methyltransferase 1 (TRDMT1), mRNA

XM_865774.3 PREDICTED: Bos taurus similar to Heat | 0.0283125 2.63
shock 70 kDa protein 4L (Osmotic stress
protein 94) (Heat shock 70-related protein
APG-1), transcript variant 3 (HSPAA4L),
MRNA

NM_001101213.1 Bos taurus isochorismatase domain 0.0283238 2.43
containing 1 (ISOC1), mRNA

NM_001102238.1 Bos taurus methyltransferase like 3 0.0283867| 2.27
(METTL3), mRNA

NM_001105034.1 Bos taurus GTPase, IMAP family member 0.0284496 2.70
(LOC100125415), mRNA

XM_591968.4 PREDICTED: Bos taurus similar to aurora 0.0285166 2.56

borealis, transcript variant 1 (LOC514162)
MRNA
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NM_174015.1

Bos taurus CD8a molecule (CD8A), mMRNA 0.0286

@750

NM_001075447.1

Bos taurus SP140 nuclear body protein-lik€.0287418
(SP140L), mRNA

2.12

XM_603502.3

PREDICTED: Bos taurus similar to acyl- | 0.0289836
CoA thioesterase 12 (ACOT12), mRNA

2.22

NM_174339.3

Bos taurus hypoxia inducible factor 1, alph@.0291543
subunit (basic helix-loop-helix transcription
factor) (HIF1A), mRNA

2.08

XM_618363.4

PREDICTED: Bos taurus similar to Cyclin-0.0291846
Y-like protein 1 (CCNYL1), mRNA

2.50

XM_589151.4

PREDICTED: Bos taurus similar to Cell | 0.0293028
division protein kinase 6 (Serine/threonine
protein kinase PLSTIRE) (CDK6), mRNA

2.77

NM_174007.1

Bos taurus chemokine (C-C motif) ligand 80.0293548
(CCL8), mRNA

2.00

NM_001101872.1

Bos taurus C1q and tumor necrosis factor 0.0294489
related protein 6 (C1QTNF6), mRNA

2.00

XM_001251030.1

PREDICTED: Bos taurus cutC copper 0.0296485
transporter homolog (E. coli), transcript
variant 1 (CUTC), partial mMRNA

2.94

XM_599803.3

PREDICTED: Bos taurus similar to Alphat 0.0297501
mannosidase 2 (Alpha-mannosidase II)
(Mannosyl-oligosaccharide 1,3-1,6-alpha-
mannosidase) (MAN II) (Golgi alpha-
mannosidase Il) (Mannosidase alpha clas
2A member 1) (MAN2A1), mRNA

)

2.77

XR_027328.1

PREDICTED: Bos taurus misc_RNA 0.0297995
(LOC781692), miscRNA

3.22

NM_001102346.1

Bos taurus protein phosphatase 2 (formefl®.0298039
2A), regulatory subunit B", alpha
(PPP2R3A), mRNA

2.38

NM_001046494.1

Bos taurus dynamin 1-like (DNM1L), 0.0298650
MRNA

2.04

XM_001790322.1]

PREDICTED: Bos taurus coiled-coil 0.0299294
domain containing 84 (CCDC84), mRNA

2.12

XR_042678.1

PREDICTED: Bos taurus misc_RNA 0.0301380
(LOC510404), miscRNA

2.00

XM_611908.4

PREDICTED: Bos taurus similar to mutS | 0.0301904
homolog 6, transcript variant 1 (MSH6),
MRNA

4.34

NM_001046600.1

Bos taurus regulator of G-protein signaling0.0302189
4 (RGS4), mRNA

2.56

XM_594786.4

PREDICTED: Bos taurus similar to RIKEN0.0302917
cDNA 1110067D22 (LOC516629), mRNA

2.32

NM_174651.2

Bos taurus S100 calcium binding protein | 0.0303703

2.17

Al12 (calgranulin C) (S100A12), mRNA
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XM_614758.4

PREDICTED: Bos taurus similar to
Thrombospondin type-1 domain-containin
protein 4 (LOC534844), mRNA

0.0304536 2.17

J

XM_882711.3

PREDICTED: Bos taurus similar to myosi
heavy chain 14, transcript variant 4
(MYH14), mRNA

n0.0306605 2.85

XM_581000.4

PREDICTED: Bos taurus similar to Nucle
pore complex protein Nup107 (Nucleopori
Nup107) (107 kDa nucleoporin) (NUP107
MRNA

70.0316379
n

2.63

NM_001037597.1

Bos taurus 5'-nucleotidase, cytosolic IlI
(NT5C3), mRNA

0.0319203 2.12

XM_867943.3

PREDICTED: Bos taurus similar to round
spermatid basic protein 1, transcript variar
(RSBN1), mRNA

0.0320925
it 2

2.04

NM_174043.2

Bos taurus dopamine receptor D2 (DRD2
MRNA

0.0321101 3.12

XM_586416.3

PREDICTED: Bos taurus similar to COBV
domain-containing protein 2, transcript
variant 1 (CBWDZ2), mRNA

V0.032148(Q 2.04

XM_001250216.2

PREDICTED: Bos taurus similar to mutan
UDP-N-acetylglucosamine 2-epimerase/N
acetylmannosamine kinase (GNE), mRNA

t0.0323392

2.38

NM_001102115.1

Bos taurus bol, boule-like (Drosophila)
(BOLL), mRNA

0.0323714 2.38

NM_174274.1

Bos taurus DnaJ (Hsp40) homolog,
subfamily C, member 14 (DNAJC14),
MRNA

0.0324111 2.04

NM_173948.2

Bos taurus peptidylglycine alpha-amidatin
monooxygenase (PAM), mRNA

@.0327065 2.17

NM_001075701.2

Bos taurus DnaJ (Hsp40) homolog,
subfamily C, member 22 (DNAJC22),
MRNA

0.0327685 2.00

XM_001252924.2

PREDICTED: Bos taurus similar to
FLJ20489 protein (LOC784685), mRNA

0.0327946 2.22

NM_174225.1

Bos taurus actin, alpha 1, skeletal muscle
(ACTAL), mRNA

0.0333505 2.00

NM_174041.2

Bos taurus dihydropyrimidine
dehydrogenase (DPYD), mRNA

0.0333591 2.12

NM_173951.2

Bos taurus plasminogen (PLG), mRNA

0.033372217

NM_174564.2

Bos taurus NADH dehydrogenase
(ubiquinone) 1, subcomplex unknown, 1,
6kDa (NDUFC1), mRNA

0.0333782 2.94

NM_001034361.1

Bos taurus amiloride binding protein 1
(amine oxidase (copper-containing))

0.0334221 2.56

(ABP1), mRNA
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NM_174450.3 Bos taurus regulator of G-protein signaling0.0335175 2.77
16 (RGS16), mMRNA

NM_001080247.1 Bos taurus JNK1-associated membrane | 0.0335346 2.77
protein (JAMP), mRNA

NM_001081530.1 Bos taurus thyroid hormone receptor 0.0336298 2.00
interactor 10 (TRIP10), mRNA

NM_001083468.1 Bos taurus protein phosphatase 2, regulat@338695 2.50
subunit B', epsilon isoform (PPP2R5E),
MRNA

XM _001251924.2 PREDICTED: Bos taurus similar to 0.0340298 3.57
enhancer of rudimentary homolog
(LOC783761), mMRNA

XM_001787807.1 PREDICTED: Bos taurus similar to 0.0341662 2.94
Leucine-rich PPR motif-containing protein
mitochondrial precursor (130 kDa leucine-
rich protein) (LRP 130) (GP130)
(LOC509995), mRNA

NM_001046088.1 Bos taurus glutathione peroxidase 8 0.0343155 3.03
(putative) (GPX8), mMRNA

XR_028567.2 PREDICTED: Bos taurus misc_RNA 0.0343346 2.32
(LOC615842), miscRNA

NM_180999.1 Bos taurus lysozyme C-2 (LYZ2), mRNA 0.034563356

XR_027344.2 PREDICTED: Bos taurus misc_RNA 0.0347901 2.08
(LOC781850), miscRNA

XM_588297.4 PREDICTED: Bos taurus similar to laminin0.0349305 2.08
5 gamma 2 subunit (LAMC2), mRNA

NM_001014382.2 Bos taurus myeloid differentiation primary 0.0349376 2.08
response gene (88) (MYD88), mRNA

NM_001102191.1 Bos taurus oculocerebrorenal syndrome 0f0.0355277 2.70
Lowe (OCRL), mMRNA

XM_001787544.1 PREDICTED: Bos taurus similar to 0.0356552 4.76
cytosolic beta-glucosidase (LOC539625),
MRNA

XM_001787931.1] PREDICTED: Bos taurus similar to 0.0357925 2.43
shugoshin-like 2 (LOC532412), mRNA

NM_001007805.1 Bos taurus intestinal lysozyme (LYSB), | 0.0360261] 2.43
MRNA

XM _583697.4 PREDICTED: Bos taurus similar to 0.0363803 2.08
grancalcin (GCA), mRNA

NM_001011681.3 Bos taurus growth factor receptor-bound | 0.0364831] 2.63
protein 14 (GRB14), mRNA

XM_001789124.1 PREDICTED: Bos taurus hypothetical 0.0373086 3.84
protein LOC100137763 (LOC100137763)
MRNA

NM_001075641.1 Bos taurus myotubularin related protein 7| 0.0378254 2.56

(MTMR7), mRNA
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XR_027276.2 PREDICTED: Bos taurus misc_RNA 0.0378476 3.22
(LOC530104), miscRNA

NM_001046118.1 Bos taurus lysosomal multispanning 0.0380083 2.38
membrane protein 5 (LAPTM5), mRNA

NM_001098032.1 Bos taurus cytoskeleton associated protejr020380359 3.12
(CKAP2), mRNA

NM_001035065.1 Bos taurus small nuclear ribonucleoprotein0.0382284 3.44
D1 polypeptide 16kDa (SNRPD1), mRNA

NM_001101072.1 Bos taurus hypothetical LOC510651 0.0384583 2.27
(LOC510651), mMRNA

XR_028354.2 PREDICTED: Bos taurus misc_RNA 0.0385518 2.43
(LOC614048), miscRNA

XM_882441.2 PREDICTED: Bos taurus hypothetical 0.0387272 2.22
LOC617028 (LOC617028), mRNA

XM _608629.4 PREDICTED: Bos taurus similar to 0.0387823 2.08
membrane glycoprotein SP55 (SLC17A5)
MRNA

XR_028786.2 PREDICTED: Bos taurus misc_RNA 0.0388752 2.43
(LOC789688), miscRNA

NM_001083406.1 Bos taurus chromosome 2 open reading | 0.0390070 2.38
frame 47 ortholog (C2H20rf47), mRNA

NM_174055.2 Bos taurus fibroblast growth factor 1 0.0395901 2.04
(acidic) (FGF1), mRNA

XM_869563.3 PREDICTED: Bos taurus similar to 0.0396176 2.32
karyopherin beta 1, transcript variant 2
(KPNB1), mRNA

NM_001075503.1 Bos taurus TATA box binding protein 0.0397413 2.04
(TBP)-associated factor, RNA polymerase I,
B, 63kDa (TAF1B), mRNA

NM_001102529.1 Bos taurus SCY1-like 2 (S. cerevisiae) | 0.0398505 2.22
(SCYL2), mRNA

XM_590933.4 PREDICTED: Bos taurus similar to 0.0401906 7.14
nucleoporin 153kDa (NUP153), mRNA

NM_001024568.1 Bos taurus ribosomal protein S11 (RPS11)).0402654 2.50
MRNA

XM_592611.4 PREDICTED: Bos taurus fibroblast growth0.0404237 2.63
factor 10, transcript variant 2 (FGF10),
MRNA

NM_001075737.1 Bos taurus CUE domain containing 2 0.0407237 2.50
(CUEDC2), mRNA

NM_001035092.1 Bos taurus LMBR1 domain containing 1 | 0.0410314 3.12
(LMBRD1), mRNA

XM_580765.4 PREDICTED: Bos taurus similar to 0.0413887 3.33

Serine/threonine-protein phosphatase with
EF-hands 1 (PPEF-1) (Protein phosphatas

5

with EF calcium-binding domain) (PPEF)
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(Serine/threonine-protein phosphatase 7)
(PP7) (PPEF1), mMRNA

XM_584216.4

PREDICTED: Bos taurus similar to ELL
associated factor 1, transcript variant 1
(EAF1), mRNA

0.0416540

3.12

NM_001099023.1

Bos taurus zinc finger protein 639
(ZNF639), mRNA

0.0418450

2.32

XM_609023.4

PREDICTED: Bos taurus EF-hand domai
family, member B (EFHB), mRNA

n0.0419448

2.27

NM_001077991.1

Bos taurus RecQ protein-like (DNA
helicase Q1-like) (RECQL), mRNA

0.0422332

3.03

XM_001789789.1

PREDICTED: Bos taurus similar to
Myeloid cell surface antigen CD33 precurs

(Sialic acid-binding Ig-like lectin 3) (Siglect

3) (gp67) (LOC100138951), MRNA

0.0424703
Jol§

2.27

NM_001035349.1

Bos taurus AT rich interactive domain 5A
(MRF1-like) (ARID5A), mRNA

0.0426112

2.38

XM_001790636.1

PREDICTED: Bos taurus SWI/SNF relate
matrix associated, actin dependent regula
of chromatin, subfamily c, member 2
(SMARCC2), mRNA

d).0429422
tor

2.12

NM_001099033.1

Bos taurus guanine nucleotide binding
protein (G protein), beta polypeptide 4
(GNB4), mRNA

0.0437781

2.27

XR_042741.1

PREDICTED: Bos taurus misc_RNA
(LOC785805), miscRNA

0.0437873

2.22

NM_001034311.1

Bos taurus interleukin 22 receptor, alpha
(IL22RA1), mRNA

10.0438179

4.34

XM_867922.3

PREDICTED: Bos taurus similar to zinc
finger protein 1 homolog (mouse), transcri
variant 2 (ZFP1), mRNA

0.0438789
pt

2.94

XM_866635.2

PREDICTED: Bos taurus similar to
Echinoderm microtubule-associated prote
like 4 (EMAP-4) (Restrictedly
overexpressed proliferation-associated
protein) (Ropp 120), transcript variant 3
(EML4), mRNA

0.0439162
n_

3.70

NM_001082606.1

Bos taurus chromosome 9 open reading
frame 102 ortholog (LOC508357), mRNA

0.0439431

2.08

NM_001101205.1

Bos taurus WEE1 homolog (S. pombe)
(WEE1), mRNA

0.0440466

2.32

NM_175801.2

Bos taurus follistatin (FST), mRNA

0.04407

08.00

XM_585347.4

PREDICTED: Bos taurus similar to
mesoderm induction early response 1, fan
member 3 (MIER3), mRNA

0.0442043
nily

2.38
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XM_582977.4 PREDICTED: Bos taurus WNK lysine 0.0442389 3.44
deficient protein kinase 2 (WNK2), mRNA

NM_174587.1 Bos taurus protein kinase C, beta (PRKCB0).0443706 2.32
MRNA

XM_864033.3 PREDICTED: Bos taurus similar to Host | 0.0446866 2.43
cell factor 2 (HCF-2) (C2 factor), transcript
variant 3 (HCFC2), mRNA

XM_870414.2 PREDICTED: Bos taurus similar to 0.0448472 3.44
transmembrane protein 7 (RTP3), mRNA

XM_581568.3 PREDICTED: Bos taurus dual specificity | 0.0452239 2.77
phosphatase 12 (DUSP12), mRNA

XM_001787706.1 PREDICTED: Bos taurus similar to zinc | 0.0452889 2.63
finger protein 605 (LOC782885), mRNA

NM_001100386.1 Bos taurus yippee-like 1 (Drosophila) 0.0456279 2.12
(YPEL1), mRNA

NM_174146.3 Bos taurus plasminogen activator, tissue | 0.0457835 2.17
(PLAT), mRNA

NM_001101143.1 Bos taurus S-adenosylhomocysteine 0.0462430 2.56
hydrolase-like 2 (AHCYL2), mRNA

NM_001077994.1 Bos taurus Protein FAM149B1 0.0463730 2.32
(FAM149B1), mRNA

NM_001001441.1 Bos taurus troponin T type 3 (skeletal, fastp.0465125 2.77
(TNNT3), mRNA

NM_001076320.1 Bos taurus ADP-ribosylation factor-like 10 0.0468835 3.33
(ARL10), mRNA

NM_001083469.1 Bos taurus transmembrane protein 156 | 0.0474462 2.94
(TMEM156), mRNA

XM_585792.4 PREDICTED: Bos taurus similar to 0.0474739 2.38
Oxysterol-binding protein-related protein 7
(OSBP-related protein 7) (ORP-7), transcrjipt
variant 1 (OSBPL7), mRNA

NM_177510.2 Bos taurus glucosaminyl (N-acetyl) 0.0475539 2.70
transferase 1, core 2 (beta-1,6-N-
acetylglucosaminyltransferase) (GCNT1),
MRNA

XM_582282.4 PREDICTED: Bos taurus similar to zinc | 0.0476163 2.85
finger protein 709 (ZNF627), mRNA

NM_001105477.1 Bos taurus glutamate receptor, ionotropic}, 0.0480948 2.04
N-methyl D-aspartate-like 1A (GRINL1A),
MRNA

XM_867982.2 PREDICTED: Bos taurus 0.0483755 2.22
microseminoprotein, beta- (MSMB), mRNA

XM_867753.3 PREDICTED: Bos taurus similar to 0.0484312 2.08
Uncharacterized protein C100rfl1 homolog

(LOC615835), mRNA
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XM_001787912.1

PREDICTED: Bos taurus pleckstrin
homology domain containing, family A

(phosphoinositide binding specific) member

2 (PLEKHA2), mRNA

0.0488026

2.94

NM_001101091.1

Bos taurus DnaJ (Hsp40) homolog,
subfamily C, member 16 (DNAJC16),
MRNA

0.0491185

2.04

XM _582124.3 PREDICTED: Bos taurus similar to GC-ri¢cl9.0492615 3.22
promoter binding protein 1-like 1, transcript
variant 1 (GPBP1L1), mRNA

NM_001114192.1 Bos taurus heat shock 70kDa protein 4 | 0.0235230 -8.10
(HSPA4), mRNA

NM_001035052.1 Bos taurus chromosome 10 open reading 0.0075412 -4.86
frame 84 ortholog (C26H100rf84), mRNA

XM _001787175.1 PREDICTED: Bos taurus hypothetical 0.0181949 -4.39
LOC784541 (LOC784541), mRNA

NM 181008.2 Bos taurus casein beta (CSN2), mRNA 0.038061651

XR_028130.2 PREDICTED: Bos taurus misc_RNA 0.0217198 -6.85
(LOC617326), miscRNA

NR_001464.2 Bos taurus X (inactive)-specific transcript| 0.0102795 -17.12
(XIST), non-coding RNA

XM_876383.3 PREDICTED: Bos taurus tubulin, alpha 1a0.0227675 -5.10
transcript variant 4 (TUBA1A), mRNA

NM_001035497.1 Bos taurus ubiquitin-conjugating enzyme | 0.0253026 -6.16
E2 variant 1 (UBE2V1), mRNA

NM_001101875.1 Bos taurus thioredoxin interacting protein| 0.0344490 -5.71
(TXNIP), mRNA

NM_001034548.1 Bos taurus splicing factor 3a, subunit 3, | 0.0125753 -2.11
60kDa (SF3A3), mRNA

XM _001789101.1 PREDICTED: Bos taurus similar to 0.0264338 -10.06
endonuclease reverse transcriptase
(LOC100140868), mRNA

NM_174345.3 Bos taurus heat shock 70kDa protein 8 | 0.0171717 -11.20
(HSPAS8), mRNA

XM_867454.3 PREDICTED: Bos taurus similar to 0.0273066 -6.14
transmembrane anterior posterior
transformation 1 (TAPT1), mRNA

NM_001037468.1 Bos taurus cell division cycle 7 homolog (80.0497627 -2.99
cerevisiae) (CDC7), mRNA

NM_001078121.1 Bos taurus hypothetical protein LOC768256.0189405 -2.01
(LOC768255), mRNA

NM_174286.2 Bos taurus cAMP responsive element 0.0354769 -7.24
binding protein 3 (CREB3), mRNA

XM_614891.3 PREDICTED: Bos taurus similar to 0.0414922 -2.53

huntingtin interacting protein 14

(ZDHHC17), mRNA
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NM_176639.2

Bos taurus ATP synthase, H+ transportin
mitochondrial FO complex, subunit e
(ATPS5I), nuclear gene encoding
mitochondrial protein, mMRNA

h0.0149600

-8.66

XM_605970.4

PREDICTED: Bos taurus similar to
tripartite motif protein TRIM4, transcript
variant 1 (TRIM4), partial mMRNA

0.0365157

-2.41

NM_001097570.1

Bos taurus STT3, subunit of the
oligosaccharyltransferase complex, homo
B (S. cerevisiae) (STT3B), mRNA

0.0105277
0g

-2.21

XM_614825.3

PREDICTED: Bos taurus similar to
centrosome-associated protein 350,
transcript variant 1 (CEP350), mRNA

0.0381474

-3.35

NM_001098070.1

Bos taurus O-linked N-acetylglucosamine
(GIcNACc) transferase (UDP-N-
acetylglucosamine:polypeptide-N-
acetylglucosaminyl transferase) (OGT),
MRNA

0.0100134

-4.20

NM_175780.1

Bos taurus myosin, light chain 6, alkali,
smooth muscle and non-muscle (MYL6),
MRNA

0.0390013

-9.53

NM_001102041.1

Bos taurus Uncharacterized protein
C130rf18 homolog (MGC165939), mMRNA

0.0038571

-5.09

XM_864671.2

PREDICTED: Bos taurus WD repeat
domain 40A, transcript variant 2
(WDR40A), mRNA

0.0206149

-12.45

NM_001105617.1

Bos taurus homeobox A9 (HOXA9),
MRNA

0.0099490

-23.15

NM_001075509.1

Bos taurus transcription factor AP-2 gamr
(activating enhancer binding protein 2
gamma) (TFAP2C), mRNA

n@.0188863

-14.68

XM_876203.3

PREDICTED: Bos taurus similar to
UPF0474 protein C5orf41, transcript varia
2 (LOC513587), mRNA

0.0378321
nt

-10.19

NM_001001443.1

Bos taurus estrogen receptor 1 (ESR1),
MRNA

0.0218312

-3.56

NM_001046351.1

Bos taurus thyroid hormone receptor
interactor 4 (TRIP4), mRNA

0.0484421

-4.17

NM_001076532.1

Bos taurus cell division cycle and apoptos
regulator 1 (CCAR1), mRNA

516.0451928

-4.76

XM_582135.4

PREDICTED: Bos taurus neurofilament,
medium polypeptide (NEF3), mMRNA

0.0181622

-38.09

XM_593741.4

PREDICTED: Bos taurus similar to
CG33196-PB (LOC515676), mRNA

0.0126734

-5.78

NM_001077114.1

Bos taurus HIG1 domain family, member

0.0396119

1D (HIGD1D), mRNA

-2.72
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NM_001046357.1

Bos taurus transmembrane protein 173
(TMEM173), mRNA

0.0363261

-2.60

NR_001464.2

Bos taurus X (inactive)-specific transcript
(XIST), non-coding RNA

0.0144777

-5.54

NM_001038647.1

Bos taurus transmembrane protein 57
(TMEM57), mRNA

0.0036628

-2.24

XR_028861.2

PREDICTED: Bos taurus misc_RNA
(LOC790266), miscRNA

0.0262241

-3.20

XM_600663.4

PREDICTED: Bos taurus nestin (NES),
MRNA

0.0064388

-3.57

NM_001083708.1

Bos taurus arsenate resistance protein 2
(ARS2), mRNA

0.0412354

-2.53

XM_001788694.1

PREDICTED: Bos taurus diazepam bindi
inhibitor (GABA receptor modulator, acyl-
Coenzyme A binding protein) (DBI), mRN/

N§.0231186

\

-2.06

NM_001100294.1

Bos taurus calmodulin binding transcriptic
activator 1 (CAMTAL), mRNA

19.0213992

-3.38

NM_001008663.1

Bos taurus keratin 5 (KRT5), mRNA

0.00609

16.74

NM_001099133.1

Bos taurus lactamase, beta (LACTB),
nuclear gene encoding mitochondrial
protein, mMRNA

0.0219931

-2.41

NM_174568.2

Bos taurus poly(A) binding protein,
cytoplasmic 1 (PABPC1), mRNA

0.0016273

-22.78

XR_042588.1

PREDICTED: Bos taurus misc_RNA
(LOC100139984), partial miscRNA

0.0279057

-3.04

XM_590469.4

PREDICTED: Bos taurus similar to RAS
protein activator like 1 (GAPL1 like)
(RASAL1), mRNA

0.0090279

-2.45

XM_609842.3

PREDICTED: Bos taurus similar to BTB
and CNC homology 1 (BACH1), mRNA

0.0022440

-4.33

NM_001076814.1

Bos taurus malic enzyme 2, NAD(+)-
dependent, mitochondrial (ME2), nuclear
gene encoding mitochondrial protein,
MRNA

0.0279784

-4.15

XM_864452.2

PREDICTED: Bos taurus similar to
LOC616164 protein (LOC613544), mRNA

0.0426139

-3.43

XM_595505.4

PREDICTED: Bos taurus similar to
mediator complex subunit 13-like
(MED13L), mRNA

0.0329109

-2.43

NM_001113745.1

Bos taurus DnaJ (Hsp40) homolog,
subfamily C, member 13 (DNAJC13),
MRNA

0.0274418

-2.73

NM_001083792.1

Bos taurus tetratricopeptide repeat domai
9C (TTC9C), mRNA

n0.0071432

-3.00

XM_581038.3

PREDICTED: Bos taurus similar to

0.0303070

myeloid/lymphoid or mixed-lineage

-3.72
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leukemia (trithorax homolog, Drosophila);
translocated to, 4 (MLLT4), mRNA

NM_001012682.1 Bos taurus ribosomal protein, large, PO | 0.0269574 -7.07
(RPLPO), mRNA

NM_001098929.1 Bos taurus splicing factor, arginine/serine- 0.0046074 -5.62
rich 5 (SFRS5), mRNA

NM_001040498.1 Bos taurus MHC Class | JSP.1 (JSP.1), | 0.0003902 -5.76

MRNA

NM_001040487.1

Bos taurus eukaryotic translation elongatiod.0196198

factor 1 gamma (EEF1G), mRNA

-8.68

XM_593043.4

PREDICTED: Bos taurus similar to Zinc
finger protein 91 (Zinc finger protein
HTF10) (HPF7) (ZNF665), mRNA

0.0025301

-3.92

XM_001250793.2

PREDICTED: Bos taurus similar to small
nuclear ribonucleoprotein polypeptide G
(SNRPG), mRNA

0.0330865

-5.65

NM_001075623.1

Bos taurus ATP synthase mitochondrial R
complex assembly factor 2 (ATPAF2),
nuclear gene encoding mitochondrial
protein, mMRNA

10.0451120

-2.16

NM_001098022.1

Bos taurus ATPase, H+ transporting,
lysosomal accessory protein 2 (ATP6AP2
MRNA

0.0292548

-3.26

XM_001790089.1

PREDICTED: Bos taurus similar to
endonuclease reverse transcriptase
(LOC100140273), mRNA

0.0033505

-4.26

NM_001075515.1

Bos taurus 5'-nucleotidase, cytosolic IlI-lik®.0276110

(NT5C3L), mRNA

-4.72

NM_001083515.1

Bos taurus transmembrane protein 87A
(TMEM87A), mRNA

0.0126441

-4.78

XM_602857.3

PREDICTED: Bos taurus similar to
ubiquitin specific protease 25 (USP25),
MRNA

0.0058494

-4.93

NM_001012682.1

Bos taurus ribosomal protein, large, PO
(RPLP0), mRNA

0.0456545

-2.54

XM_611700.4

PREDICTED: Bos taurus similar to SET
domain containing 5, transcript variant 2
(SETD5), mRNA

0.0405884

-2.20

NM_174062.3

Bos taurus ferritin, heavy polypeptide 1
(FTH1), mRNA

0.0382741

-4.23

XM_865029.3

PREDICTED: Bos taurus similar to splicin
factor 3b, subunit 1, transcript variant 2
(SF3B1), mRNA

@.0013511

-2.11

XM_864599.3

PREDICTED: Bos taurus similar to splicin
factor, arginine/serine-rich 12, transcript
variant 2 (SFRS12), mRNA

$.0089113

-2.29
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NM_001109807.1

Bos taurus peptidylprolyl isomerase G
(cyclophilin G) (PPIG), mRNA

0.0203114

-2.78

XM_865383.3

PREDICTED: Bos taurus similar to Protei
strawberry notch homolog 1 (Monocyte
protein 3) (MOP-3), transcript variant 2
(SBNO1), mRNA

n0.0167606

-13.50

XM_594174.3

PREDICTED: Bos taurus NOL1/NOP2/SU
domain family, member 2 (NSUN2), mRN

Ir9.0009117
n

-2.78

XR_027542.2

PREDICTED: Bos taurus misc_RNA
(LOC538959), miscRNA

0.0128684

-3.74

NM_175814.2

Bos taurus succinate dehydrogenase
complex, subunit C, integral membrane
protein, 15kDa (SDHC), nuclear gene
encoding mitochondrial protein, mMRNA

0.0054062

-2.48

NM_001014860.2

Bos taurus heterogeneous nuclear
ribonucleoprotein F (HNRNPF), mRNA

0.0051763

-5.45

NM_001045935.2

Bos taurus CTD (carboxy-terminal domai
RNA polymerase I, polypeptide A) small
phosphatase 2 (CTDSP2), mRNA

10.0435216

-6.39

NM_001046520.1

Bos taurus YTH domain containing 1
(YTHDC1), mRNA

0.0437184

-5.99

NM_001034335.1

Bos taurus KIAA0174 (KIAA0174), mRNA

0.04849(

63.71

XR_042975.1

PREDICTED: Bos taurus misc_RNA
(LOC784058), miscRNA

0.0398500

-5.21

NM_001080301.1

Bos taurus LUCT7-like (S. cerevisiae)
(LUC7L), mRNA

0.0169183

-6.86

XM_583514.4

PREDICTED: Bos taurus
phosphoglucomutase 2 (PGM2), mRNA

0.0324241

-5.44

NM_001083726.1

Bos taurus SET domain and mariner
transposase fusion gene (SETMAR), mRN

0.0178443
A

-3.77

NM_001031760.1

Bos taurus solute carrier family 38, memb
11 (SLC38A11), mRNA

€.0141571

-3.98

NM_001083466.1

Bos taurus heterogeneous nuclear
ribonucleoprotein U-like 1 (HNRNPUL1),
MRNA

0.0406447

-6.60

XM_001788653.1

PREDICTED: Bos taurus similar to
endonuclease reverse transcriptase
(LOC100138878), mMRNA

0.0146295

-4.67

XM_001787703.1

PREDICTED: Bos taurus similar to
endonuclease reverse transcriptase
(LOC100137861), mRNA

0.0155975

-5.87

NM_001046044.1

Bos taurus cytidine monophosphate (UM
CMP) kinase 1, cytosolic (CMPK1), mRNA

20.0002082
A

-2.16

XM_001249987.2

PREDICTED: Bos taurus similar to
eukaryotic translation elongation factor 1

0.0298200

alpha 1, transcript variant 1 (EEF1A1),

-3.47
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MRNA

XM_864796.3 PREDICTED: Bos taurus adenylosuccinat®.0152255 -2.39
synthase, transcript variant 3 (ADSS),
MRNA

XR_042755.1 PREDICTED: Bos taurus misc_RNA 0.0489360 -6.01
(FBL), miscRNA

NM_001098013.1 Bos taurus COX10 homolog, cytochrome|®.0302652 -3.84
oxidase assembly protein, heme A:
farnesyltransferase (yeast) (COX10), nuclear
gene encoding mitochondrial protein,
MRNA

NM_001076209.1 Bos taurus SMAD family member 4 0.0179492 -6.40
(SMAD4), mRNA

NM_001046142.1 Bos taurus general transcription factor 11B 0.0260409 -3.12
(GTF2B), mRNA

NM_001076155.1 Bos taurus interleukin 1 receptor accessor®.0056952 -2.21
protein (ILLRAP), mRNA

NM_001035272.1 Bos taurus splicing factor, arginine/seriner 0.0403233 -4.00
rich 6 (SFRS6), mRNA

NM_001040479.1 Bos taurus periostin, osteoblast specific | 0.0040323 -4.93
factor (POSTN), mRNA

NM_001075788.1 Bos taurus damage-specific DNA binding| 0.0243865 -7.41
protein 2, 48kDa (DDB2), mRNA

NM_001038153.1 Bos taurus eukaryotic translation initiation 0.0245873 -3.06
factor 5B (EIF5B), mMRNA

XM_589161.4 PREDICTED: Bos taurus synaptotagmin | 0.0297002 -7.71
binding, cytoplasmic RNA interacting
protein (SYNCRIP), mRNA

XR_028112.2 PREDICTED: Bos taurus misc_RNA 0.0442164 -2.21
(LOC784517), miscRNA

NM_001076070.1 Bos taurus 3-oxoacid CoA transferase 1 | 0.0280594 -2.52
(OXCT1), nuclear gene encoding
mitochondrial protein, mMRNA

XM_001790233.1 PREDICTED: Bos taurus similar to 0.0155737 -3.28
endonuclease reverse transcriptase
(LOC100139370), mRNA

XM 582135.4 PREDICTED: Bos taurus neurofilament, | 0.0034747 -19.72
medium polypeptide (NEF3), mRNA

XR_027849.2 PREDICTED: Bos taurus misc_RNA 0.0046641 -4.40
(LOC538561), miscRNA

NM_001015533.1 Bos taurus signal sequence receptor, beta0.0434364 -3.15
(translocon-associated protein beta) (SSR?2),
MRNA

XM_001249745.2 PREDICTED: Bos taurus similar to 0.0325768 -2.92

bromodomain PHD finger transcription
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factor, transcript variant 1 (BPTF), mRNA

NM_001075947.1 Bos taurus F-box and leucine-rich repeat| 0.0274017 -7.08
protein 14 (FBXL14), mRNA

NM_001098006.1 Bos taurus BUD13 homolog (S. cerevisiaep.0099689 -7.60
(BUD13), mRNA

XM_594391.4 PREDICTED: Bos taurus similar to G- 0.0334115 -4.70
protein signaling modulator 3 (AGS3-like,
C. elegans) (GPSM3), mRNA

NM_001099022.1 Bos taurus Era G-protein-like 1 (E. coli) | 0.0341951 -3.27
(ERAL1), mRNA

XM_001250989.21 PREDICTED: Bos taurus similar to 0.0346428 -3.21
heterogeneous nuclear ribonucleoprotein A3
(HNRPA3), mRNA

NM_001082422.1 Bos taurus ribosomal protein S4, Y-linked 0.0202760 -5.89
(RPS4Y1), mRNA

XM _001249365.2 PREDICTED: Bos taurus similar to 0.0146829 -3.88
C60rf49-like protein (LOC781350), mRNA

NM_001035068.1] Bos taurus acyl-CoA synthetase family | 0.0375326 -3.03
member 3 (ACSF3), mRNA

NM_001102264.1 Bos taurus cystinosis, nephropathic 0.0404995 -3.45
(CTNS), mRNA

NM_001083725.1 Bos taurus heterogeneous nuclear 0.0004144 -4.72
ribonucleoprotein D-like (HNRPDL),
MRNA

NM_001034279.2 Bos taurus chromosome 1 open reading | 0.0056109 -3.99
frame 50 ortholog (C3H1ORF50), mRNA

XM_001787372.1 PREDICTED: Bos taurus PTK2 protein | 0.0288371] -2.29
tyrosine kinase 2 (PTK2), mRNA

XM_001253928.2 PREDICTED: Bos taurus similar to major| 0.0106522 -2.58
histocompatibility complex, class Il, DR
beta 3 (LOC786695), mRNA

XM_001254849.2 PREDICTED: Bos taurus similar to 0.0354642 -2.33
fibrillin3 (FBN3), mRNA

NM_001076941.1 Bos taurus ring finger protein 220 0.0478160 -2.25
(RNF220), mRNA

XM_001252331.1 PREDICTED: Bos taurus similar to 0.0374443 -2.56
serine/arginine repetitive matrix 1, transcript
variant 1 (SRRM1), mRNA

NM_001075585.1 Bos taurus RIB43A domain with coiled- | 0.0345273 -4.80
coils 1 (RIBC1), mRNA

NM_001103287.1 Bos taurus zinc finger protein 64 homolog 0.0160239 -2.57
(mouse) (ZFP64), mRNA

XM_001255563.21 PREDICTED: Bos taurus similar to 0.0402414 -2.67
pericentrin (kendrin) (PCNT), mRNA

NM 001105358.1] Bos taurus C2CD2-like (C2CD2L), mMRNA 0.0031393.84
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NM_001075649.1

Bos taurus N-acetyltransferase 15 (GCN5
related, putative) (NAT15), mRNA

»-0.0343933

-3.63

NM_001034399.1

Bos taurus FXYD domain containing ion
transport regulator 6 (FXYD6), mRNA

0.0416590

-4.19

XM_592234.3

PREDICTED: Bos taurus similar to nucleg
receptor binding SET domain protein 1
(NSD1), partial mRNA

110.0030047

-3.54

XM_001790611.1

PREDICTED: Bos taurus similar to ferritin
L subunit, transcript variant 2 (LOC78598]
MRNA

0.0395119
N,

-2.47

NM_001024532.2

Bos taurus proteasome (prosome,
macropain) 26S subunit, non-ATPase, 13
(PSMD13), mRNA

0.0202117

-3.58

NM_001075748.1

Bos taurus CCCTC-binding factor (zinc
finger protein) (CTCF), mRNA

0.0443230

-2.11

XM_588351.4

PREDICTED: Bos taurus similar to ring
finger protein 26 (RNF26), mRNA

0.0438387

-2.99

NM_001083745.1

Bos taurus GTF2I repeat domain containi
2 (GTF2IRD2), mRNA

n9.0165003

-5.51

NM_174099.2

Bos taurus lactate dehydrogenase A
(LDHA), mRNA

0.0396655

-2.31

NM_001034694.1

Bos taurus COP9 constitutive
photomorphogenic homolog subunit 4
(Arabidopsis) (COPS4), mRNA

0.0288877

-3.29

NM_001034342.1

Bos taurus activating transcription factor 4
(tax-responsive enhancer element B67)
(ATF4), mRNA

10.0344535

-4.48

NM_001038092.1

Bos taurus chromosome 17 open reading
frame 49 ortholog (C19H170rf49), mRNA

0.0455655

-2.94

XR_042834.1

PREDICTED: Bos taurus misc_RNA
(LOC786009), partial miscRNA

0.0392252

-6.14

XM_616885.4

PREDICTED: Bos taurus similar to
membrane metallo endopeptidase (MME)
MRNA

0.0383563

-3.12

NM_001083439.1

Bos taurus suppressor of Ty 5 homolog (§
cerevisiae) (SUPT5H), mRNA

50.0223104

-3.44

NM_001081717.1

Bos taurus EGF-containing fibulin-like
extracellular matrix protein 1 (EFEMP1),
MRNA

0.0186095

-2.43

XM_583103.4

PREDICTED: Bos taurus similar to Rho
GTPase activating protein 30, transcript
variant 1 (ARHGAP30), mRNA

0.0499581

-2.97

XM_580963.3

PREDICTED: Bos taurus similar to TBP-
associated factor 1 (TAF1), mRNA

0.0078859

-3.79

XM_001251118.1

PREDICTED: Bos taurus similar to

0.0489987

dynamin binding protein (DNMBP), mRNA

-2.03
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NM 001040645.1 Bos taurus paired box 6 (PAX6), mRNA 0.0025798.77
NM_001077113.1 Bos taurus chromosome 6 open reading | 0.0005039 -4.02
frame 130 ortholog (C23H60rf130), mRNA
NM_174778.1 Bos taurus ribosomal protein S27a 0.0078379 -2.18
(RPS27A), mRNA

XM_001254701.2 PREDICTED: Bos taurus similar to 0.0001859 -4.57
Calponin 3, acidic, transcript variant 1
(CNN3), mRNA

XM_587683.3 PREDICTED: Bos taurus similar to Six2 | 0.0121558 -3.20
(SIX2), mMRNA

XM _581880.4 PREDICTED: Bos taurus similar to 0.0173826 -4.49
cartilage intermediate layer protein (CILP)
MRNA

NM_001100344.1 Bos taurus zinc finger protein 192 0.0223472 -2.66
(ZNF192), mRNA

NM_001077830.1 Bos taurus ribosomal protein S14 (RPS14)).0083007 -2.77
MRNA

XM_583748.3 PREDICTED: Bos taurus similar to T-box| 0.0385482 -2.40
transcription factor TBX21 (T-box protein
21) (Transcription factor TBLYM) (T-cell-
specific T-box transcription factor T-bet)
(TBX21), mRNA

NM_001098929.1] Bos taurus splicing factor, arginine/seriner 0.0498861] -3.64
rich 5 (SFRS5), mRNA

XM_590872.4 PREDICTED: Bos taurus similar to antiger0.0245835 -2.59
identified by monoclonal antibody Ki-67
(MKI67), mMRNA

XM_001790641.1 PREDICTED: Bos taurus dishevelled, dsh 0.0300229 -4.35
homolog 2 (Drosophila) (DVL2), mRNA

NM_001035280.1 Bos taurus chromosome 14 open reading 0.0148839 -5.67
frame 166 ortholog (C10H140RF166),
MRNA

NM_001144095.1 Bos taurus EPH receptor A1 (EPHAL), |0.0437188 -4.21
MRNA

NM_205799.1 Bos taurus lysosomal protein 0.0012534 -6.77
transmembrane 4 alpha (LAPTM4A),
MRNA

NM_001015628.1 Bos taurus eukaryotic translation initiation 0.0372000 -4.12
factor 3, subunit | (EIF3I), mMRNA

XM_001788161.1 PREDICTED: Bos taurus similar to putatiy®.0065054 -2.62
utrophin (LOC534358), mRNA

NM_001075992.1 Bos taurus tuberous sclerosis 1 (TSC1), | 0.0476045 -3.51
MRNA

XM_590380.4 PREDICTED: Bos taurus similar to ephrin 0.0311043 -2.50
receptor EphA2 (EPHA2), mRNA

NM 001076076.1 Bos taurus sulfatase modifying factor 1 0.041004209
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(SUMF1), mRNA

NM_001105465.1 Bos taurus hypothetical protein LOC785988.0206683 -2.15
(LOC785988), mMRNA

NM_001046133.1 Bos taurus poly-U binding splicing factor | 0.0199270 -3.21
60KDa (PUF60), mRNA

NM_001045971.1 Bos taurus serine peptidase inhibitor, Kuniz0024973 -3.45
type, 2 (SPINT2), mRNA

NM_001080294.1 Bos taurus solute carrier family 6 (proline| 0.0061160Q -2.50
IMINO transporter), member 20
(SLC6A20), mRNA

XR_027681.2 PREDICTED: Bos taurus misc_RNA 0.0347433 -5.16
(LOC783022), miscRNA

NM_001105333.1 Bos taurus ubiquitin specific peptidase 20 0.0404030 -5.73
(USP20), mRNA

XM _589248.3 PREDICTED: Bos taurus similar to renin | 0.0432776 -3.40
(REN), mRNA

NM_001078161.2 Bos taurus hypothetical protein LOC777786.0288931 -3.84
(LOC777786), mMRNA

NM_001076394.1 Bos taurus splicing factor, arginine/serine-0.0167958 -6.22
rich 1 (SFRS1), mRNA

XM_614225.4 PREDICTED: Bos taurus similar to zinc | 0.0476748 -2.43
finger protein of the cerebellum 3, transcript
variant 1 (ZIC3), mRNA

NM_001017947.1 Bos taurus PDZ and LIM domain 7 0.0311574 -2.30
(enigma) (PDLIM7), transcript variant 1,
MRNA

NM_001105378.1 Bos taurus synaptosomal-associated protein0174253 -2.82
91kDa homolog (mouse) (SNAP91), mRNA

NM_001035286.2 Bos taurus polymerase (DNA directed), m0.0161732 -2.47
(POLM), mRNA

XM_001250804.2 PREDICTED: Bos taurus similar to 0.0296001 -2.61
fibroblast growth factor-binding protein
(LOC783341), mRNA

XM_001250304.2 PREDICTED: Bos taurus similar to cyclin| 0.0041832 -2.70
T2 (CCNT2), mRNA

XM_587361.4 PREDICTED: Bos taurus similar to 0.0316281 -2.36
rCG26042, transcript variant 1 (PPM1M),
MRNA

NM_001075283.1 Bos taurus poly(rC) binding protein 4 0.0143704 -2.76
(PCBP4), mRNA

XR_027358.1 PREDICTED: Bos taurus misc_RNA 0.0104707 -2.14
(LOC781886), miscRNA

XR_028398.2 PREDICTED: Bos taurus misc_RNA 0.0123232 -2.02
(LOC504694), miscRNA

XM_001255132.1 PREDICTED: Bos taurus similar to 0.0132118 -12.46

ribosomal protein S6-like (LOC787914),
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MRNA

XM_615600.4

PREDICTED: Bos taurus similar to patati
like phospholipase domain containing 8
(PNPLAS8), mRNA

10.0380442

-2.24

NM_001014901.1

Bos taurus RNA binding motif protein 14
(RBM14), mRNA

0.0306348

-2.34

XM_864691.3

PREDICTED: Bos taurus similar to
cytoplasmic polyadenylation element
binding protein 1, transcript variant 2
(CPEB1), mRNA

0.0220921

-2.34

NM_001077094.1

Bos taurus cytohesin 2 (CYTH2), mRNA

0.00173

53.54

NM_001034498.1

Bos taurus translocase of inner

mitochondrial membrane 22 homolog (yes
(TIMM22), nuclear gene encoding
mitochondrial protein, mMRNA

0.0423327
1St)

-3.18

XM_864142.3

PREDICTED: Bos taurus similar to
Eukaryotic translation initiation factor 1A,
X-chromosomal (elF-1A X isoform) (elF-
4C), transcript variant 1 (LOC613487),
MRNA

0.0339264

-5.24

NM_001015533.1

Bos taurus signal sequence receptor, bet
(translocon-associated protein beta) (SSR
MRNA

n0.0162902
2)1

-3.12

NM_001034360.1

Bos taurus dolichyl-phosphate
mannosyltransferase polypeptide 3 (DPM!
MRNA

0.0259220
3),

-2.07

NM_174715.1

Bos taurus ribosomal protein L3 (Rpl3),
MRNA

0.0331080

-12.45

NM_001035302.1

Bos taurus ARV1 homolog (S. cerevisiae
(ARV1), mRNA

0.0225546

-4.83

NM_001046128.1

Bos taurus phosphorylase kinase, gammg
(testis) (PHKG2), mRNA

120203012

-11.50

NM_001075154.1

Bos taurus ral guanine nucleotide
dissociation stimulator-like 2 (RGL2),
MRNA

0.0397883

-3.74

XM_866334.3

PREDICTED: Bos taurus similar to cell
division cycle 25B, transcript variant 2
(CDC25B), mRNA

0.0291195

-2.43

XM_001787408.1

PREDICTED: Bos taurus similar to
astrotactin 2 (LOC781555), partial mMRNA

0.0206163

-3.10

NM_001101127.1

Bos taurus UDP-N-acetyl-alpha-D-
galactosamine:polypeptide N-
acetylgalactosaminyltransferase-like 1
(GALNTL1), mRNA

0.0289177

-2.29

XM_586902.3

PREDICTED: Bos taurus DEAD (Asp-Glu

-0.0437300

Ala-Asp) box polypeptide 46 (DDX46),

-3.30
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MRNA

NM_001034285.1 Bos taurus transmembrane protein 208 | 0.0191771] -2.24
(TMEM208), mRNA

NM_001098910.1 Bos taurus embryonal Fyn-associated 0.0043734 -2.45
substrate (EFS), mRNA

XM_001250964.1 PREDICTED: Bos taurus similar to 0.0067955 -2.50
mCG114897 (LOC782315), mRNA

NM_001034654.1 Bos taurus LSM14A, SCD6 homolog A (S.0.0419574 -10.93

cerevisiae) (LSM14A), mRNA
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Appendix Table 2: Transcripts that were differentially expressed in LREGeECe
(*positive values for fold-change indicate that expression is greater&CeR

Bovine Bovine RefSeq_Description P value Fold

RefSeq_ID change*

NR_001464.2 XIST X (inactive)-specific transcript 0.00028 10.00

XM _582069.4 Amyloid protein-binding protein 2 (Amyloid beta0.03882| 5.88
precursor protein-binding protein 2)

NM_001046333.1 calcium/calmodulin-dependent protein kinase Il 0.00005 5.88
delta (CAMK2D)

NM 001046340.1 H2A histone family, member Y (H2AFY) 0.01908 5.26

NM 001046498.1 HBS1-like (S. cerevisiae) (HBS1L) 0.04813 4.54

NM_176659.2 NADH dehydrogenase (ubiquinone) 1 alpha | 0.04817| 4.00
subcomplex, 3, 9kDa (NDUFAS3)

XM _865587.3 ankyrin repeat domain 12 (ANKARD12) 0.02241 3.84

NM_001075649.1 N-acetyltransferase 15 (GCNb5-related, putative).00795/ 3.70
(NAT15)

NM_001105433.1 Collagen type XIII alpha-1 chain, partial (31%) 0.02004 3.22

XM_001788478.1 dishevelled 3 0.03591 3.22

NM_001103236.1 Acyl-coenzyme A oxidase 3, peroxisomal 0.00473| 3.12
(Pristanoyl-CoA oxidase)

NM_001076543.1 Protein regulating cytokinesis 1 (Protein regulatér04865| 3.12
of cytokinesis 1)

XM_868289.2 Rnpc2 protein 0.02595 3.00

NM_001076945.1 Torsin B precursor (Torsin family 1 member B)| 0.03605| 3.00
(FKSG18 protein)

NM_001098069.1 Probable transcriptional regulator, LysR family 0.016943.00

NM_001078004.1 PELI1 pellino homolog 1 (Drosophila) [ Bos 0.04298| 2.94
taurus | (PELI1)

XM_001250858.2 MON2 MON2 homolog (S. cerevisiae) [ Bos | 0.03747, 2.63
taurus ] (MON2)

XR 027593.2 similar to Selenoprotein T (SELT) 0.03908 2.56
NM_001014862.2 Ribosomal protein L29/heparin/heparan sulfate 0.00830 2.56
interacting protein (Ribosomal protein L29/cell

surface heparin binding protein HIP)
NM 001024473.2 gypsy retrotransposon integrase 1 (GINI) 0.039002.50
XM_582124.3 GC-rich promoter binding protein 1-like 1 0.04107| 2.43

(GPBP1L1)

146




NM_001083468.1 Serine/threonine protein phosphatase 2A, 56 KORO0608| 2.43
regulatory subunit, epsilon isoform (PP2A, B
subunit, B' epsilon isoform) (PP2A, B subunit,
B56 epsilon isoform) (PP2A, B subunit, PR61
epsilon isoform) (PP2A, B subunit, R5 epsilon
isoform
NM_001076900.1 Bos taurus heterogeneous nuclear 0.00849| 2.43
ribonucleoprotein L-like (HNRPLL)
XR 028008.2 SNF related kinase (SNRK) 0.04944 2.43
NM_001077051.1 Ataxin-10 (Spinocerebellar ataxia type 10 0.04175| 2.43
protein) (Brain protein E46 homolog)
NM 001035056.1 transmembrane protein 111 (TMEM11) 0.03288 2.38
NM_001076835.1 Bos taurus kelch-like 20 (Drosophila) (KLHL20)0.03386| 2.38
XM_615597.4 Orphan nuclear receptor NR5A2 (Alpha-1- 0.04533] 2.32
fetoprotein transcription factor) (Hepatocytic
transcription factor) (B1-binding factor) (hB1F)
(CYPT7A promoter binding factor)
XM_580860.4 PREDICTED: Bos taurus similar to transferrin | 0.01978| 2.27
receptor (TFRC)
XM_593410.4 PREDICTED: Bos taurus similar to LKB1 0.00803| 2.27
interacting protein (STK11IP)
XM _587229.4 PREDICTED: Bos taurus similar to serum- 0.03486| 2.22
inducible kinase, transcript variant 1 (PLK2)
NM 001078099.2 DPH2 homolog (S. cerevisiae) (DPH?2) 0.04872 2.22
NM_001078161.2 Bos taurus ataxin 7-like 3B (ATXN7L3B) 0.03461| 2.22
XM_001249400.2 PREDICTED: Bos taurus similar to fibronectin| 0.03703| 2.04
type 1ll domain containing 3B, transcript variant
1 (FNDC3B)
NM_174130.2 Ornithine decarboxylase (ODC) 0.03797 2.04
NM_001034373.1 Bos taurus cytochrome P450, family 4, subfami§.03165 2.04
V, polypeptide 2 (CYP4V2)
XM_001254432.2 PREDICTED: Bos taurus zinc finger protein 3470.04852| 2.04
(ZNF568)
NM 001078021.1 HEAT repeat containing 3 (HEATR3) 0.03191 2.04
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NM_001192779.1 Bos taurus protein tyrosine phosphatase, non-| 0.00364| 2.00
receptor type 11 (PTPN11)

NM_001075334.1 Bos taurus microtubule-associated protein, 0.00348| 2.00
RP/EB family, member 1 (MAPRE1)

NM_001040471.1 Glucose-6-phosphate isomerase (GPI) 0.03622.00

NM_001102183.1 ERG v-ets erythroblastosis virus E26 oncogeng0.02054| -9.07
homolog (avian) [ Bos taurus ] (ERG)

NM_001076842.1 signal transducing adaptor molecule (SH3 domd&r03909| -7.66
and ITAM motif) 1 (STAM)

XM 001790635.1 HLA-B associated transcript 2-like 2 (BAT2L2)] 0.03624 -6.14

NM_001034697.1 Bos taurus tubulin, beta 4A class IVa (TUBB4AY.01665| -6.11

NM_001114520.1 Bos taurus calcium/calmodulin-dependent proteth01249| -5.66
kinase Il inhibitor 1 (CAMK2N1)

XR 028749.2 ciliary rootlet coiled-coil, rootletin (CROCC) 0.03916 -5.54

XM_001251162.2 1Q motif containing GTPase activating protein 10.04492| -5.47
(IQGAP1)

NM 001102106.1 coiled-coil domain containing 77 (CCDC77) 0.01134-5.39

XM 581758.4 forkhead box N3 (FOXN3) 0.01970 -4.85

NM 001075317.1 RAB21, member RAS oncogene family (RAB21) 0.04531-4.55

XM_001250666.2 FUS interacting protein (serine/arginine-rich) 1| 0.03230| -4.42
(FUSIPI)

XM_591540.4 eukaryotic translation initiation factor 3, subunif 0.00763| -4.30
F (EIF3F)

NM_001099155.1 Bos taurus CD177 molecule (CD177) 0.03054| -3.73

XM_593636.4 Microtubule-associated protein 1A (MAP 1A) 0.04977 -3.59

NM_001110004.1 Bos taurus HECT, UBA and WWE domain 0.01659| -3.57
containing 1 (HUWE1)

XM_587001.3 PREDICTED: Bos taurus adenylate cyclase 6,| 0.03768| -3.50
transcript variant 1 (ADCY®6)

XM_001253009.2 PREDICTED: Bos taurus hypothetical 0.04511| -3.49
LOC785211 (LOC785211)

XM_001789611.1] PREDICTED: Bos taurus similar to WD repeat; 0.01830| -3.34
containing protein C2orf44 homolog
(LOC785211)

XR_028120.2 PREDICTED: Bos taurus misc_RNA 0.02856| -3.19

(LOC518495)
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XM_001787963.1

t-complex 11 (mouse)-like 1 (TCP11L1)

0.047

44 -3.12

NM_001078081.1

chromosome 6 open reading frame 25 (C6orf2

5)

0.040163.00

XM_001789698.1] PREDICTED: Bos taurus myeloid/lymphoid or| 0.02234| -2.93
mixed-lineage leukemia 5 (trithorax homolog,
Drosophila), transcript variant 2 (MLL5)

XM_613386.4 PREDICTED: Bos taurus similar to KIAA1629 | 0.00618| -2.89
protein (ZNF532)

NM_001101171.1 Bos taurus abl-interactor 2 (ABI2) 0.02709] -2.88

XM_001790373.1] similar to Zinc finger protein 583 (Zinc finger | 0.00629| -2.87
protein L3-5) (ZFP583)

XM_872705.3 PREDICTED: Bos taurus zinc finger protein 142).01362| -2.84
transcript variant 2 (ZNF142)

NM_001102240.1 Bos taurus cysteinyl leukotriene receptor 2 0.00143| -2.80
(CYSLTR2)

XM_001256033.2 SWI/SNF related, matrix associated, actin 0.00668| -2.78
dependent regulator of chromatin, subfamily d,
member 2 (SMARCD?2)

XM_615671.3 anaphase promoting complex subunit 1 0.01744| -2.78
(ANAPC1)

NM_001037591.1 chromosome 2 open reading frame 39 ortholog 0.02215| -2.73
(C11H20RF39)

XM 611789.4 ataxin 2 (ATXN2) 0.0213% -2.69

NM_001098042.1 Bos taurus striatin, calmodulin binding protein 30.04872| -2.69
(STRN3)

NM_001008666.1 Bos taurus solute carrier family 14 (urea 0.01839| -2.61
transporter), member 1 (Kidd blood group)
(SLC14A1)

NM_001102151.1 Bos taurus enhancer of zeste homolog 1 0.03810[ -2.57
(Drosophila) (EZH1)

XM_598421.4 PREDICTED: Bos taurus centrosomal protein | 0.01443| -2.55
110kDa (CEP110)

NM_001046442.1 Bos taurus KH domain containing, RNA bindingP.04034| -2.55
signal transduction associated 1 (KHDRBS1)

XM_882161.2 PREDICTED: Bos taurus procollagen-lysine, 2-0.02340; -2.53

oxoglutarate 5-dioxygenase 3, transcript variarn
(PLOD?3)

1t 6
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NM_001101060.1 v-yes-1 Yamaguchi sarcoma viral oncogene | 0.04456, -2.51
homolog 1 (YES1)

XM 001790627.1] HIV-1 Tat specific factor 1 (HTATSF1) 0.04214 -2.46

XM _872313.3 PREDICTED: Bos taurus similar to Nucleosome).00906| -2.43
assembly protein 1-like 1 (NAP-1-related protejin)
(hNRP), transcript variant 4 (LOC540136)

NM_001034521.1 SAR1a gene homolog (SAR1A) 0.036P0 -2.42

NM_001101898.1 Bos taurus inter-alpha (globulin) inhibitor H3 | 0.03701| -2.41
(ITIH3)

XM_866155.3 PREDICTED: Bos taurus similar to proline- 0.00129] -2.40
serine-threonine phosphatase interacting protein
1, transcript variant 2 (PSTPIP1)

NM_001046329.1 Bos taurus thyroid hormone receptor, alpha | 0.02331| -2.40
(THRA)

NM 001105620.1 ankyrin 3, node of Ranvier (ankyrin G) (ANK3)|  0.04038 -2.40

XM_870871.3 PREDICTED: Bos taurus similar to SAPS 0.01407| -2.37
domain family, member 1 (SAPS1)

XM_001251703.2 PREDICTED: Bos taurus ribosomal protein S290.03232| -2.36
like

NM 001102098.1 Zinc finger protein 304 (ZNF304) 0.04097 -2.33

NM_001034765.1 Bos taurus Thy-1 cell surface antigen (THY1) | 0.03373| -2.33

NM 001040520.1 Ribosomal protein L7A (RPL7A) 0.04975 -2.31

NM_001024527.1 Bos taurus FYVE, RhoGEF and PH domain | 0.05003| -2.26
containing 3 (FGD3)

XR_027956.2 PREDICTED: Bos taurus hypothetical protein | 0.04955| -2.26
LOC540222 (LOC540222)

NM_001109808.1 Bos taurus adaptor-related protein complex 1,| 0.02072| -2.26
gamma 2 subunit (AP1G2)

NM_001105437.1 Potassium channel tetramerisation domain 0.02854| -2.25
containing 17 (KCTD17)

XM 591190.4 Uncharacterized protein C170rf68 homolog 0.02661-2.24

NM_001080322.1 Terminal uridylyl transferase 1, U6 snRNA- 0.00801| -2.21

specific (TUT1)
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XM_601083.4 PREDICTED: Bos taurus Kruppel-like factor 10 0.04792| -2.20
(KLF10)

NM_001083456.1 Bos taurus KIAA0907 ortholog (KIAA0907) 0.03512| -2.18

NM_001014901.1 Bos taurus RNA binding motif protein 14 0.02644| -2.16
(RBM14)

XR_028120.2 PREDICTED: Bos taurus misc_RNA 0.03913| -2.16
(LOC518495)

NM_001114517.1 Cytochrome c oxidase subunit VIII-H 0.00111| -2.15
(heart/muscle) (COX8B)

NM_001192981 | Bos taurus low density lipoprotein receptor- 0.01258| -2.13
related protein 12 (LRP12)

NM_001034406.1 Bos taurus zinc finger CCCH-type containing 140.04964| -2.10
(ZC3H14)

NM_174656.2 Bos taurus solute carrier family 25 (mitochondri@.01608| -2.08
carrier; citrate transporter), member 1(SLC25A1),
nuclear gene encoding mitochondrial protein

XM 606901.4 Protein kinase C, iota (PRKCI) 0.00988 -2.05

NM_001035428.1 Bos taurus coiled-coil domain containing 47 | 0.00534| -2.03
(CCDC47)

NM_001046027.1 Bos taurus thromboxane A synthase 1 (platelef)0.03955| -2.02
(TBXAS1)

XM_601785.4 PREDICTED: Bos taurus similar to myosin IE | 0.00529| -2.01

(MYOL1E)
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Appendix Table 3: Transcripts that were differentially expressed in LRECH-®ECe
(*positive values for fold-change indicate that expression is greater&ChlR

Bovine Bovine RefSeq_Description P value Fold

RefSeq ID change*

NM_001046430.1 Bos taurus ubiquitin specific peptidase 15 0.00052| 16.67
(USP15), mRNA

NM 001081611.1 Bos taurus F-box protein 34 (FBXO34), mMRNA 0.0039216.67

XM_001254067.2 PREDICTED: Bos taurus similar to 0.02744| 14.28
trichohyalin, putative (LOC786372), mMRNA

NM 001098874.1 Bos taurus ribosomal protein S7 (RPS7), mRNA 0.044792.50

NM_001015655.1 Bos taurus cofilin 1 (non-muscle) (CFL1), 0.04363| 8.33
MRNA

XM_594080.4 PREDICTED: Bos taurus similar to RNA 0.03211 7.14
polymerase I-specific transcription initiation
factor RRN3 (Transcription initiation factor I1A)
(TIF-IA) (RRN3), mRNA

NM_174520.2 Bos taurus collagen, type |, alpha 2 (COL1A2)0.02700 7.14
MRNA

NM_178317.3 Bos taurus tribbles homolog 2 (Drosophila) | 0.00146, 6.67
(TRIB2), mRNA

NM_001076027.1 Bos taurus heat shock protein, alpha-crystallin©.01972|  6.67
related, B6 (HSPB6), mRNA

XM_590933.4 PREDICTED: Bos taurus similar to nucleopoti®.02673  6.25
153kDa (NUP153), mRNA

XM_001251703.2 PREDICTED: Bos taurus similar to mCG7602 0.01326 6.25
(LOC784384), mRNA

XM_001253131.2 PREDICTED: Bos taurus similar to solute 0.04262| 5.88
carrier family 10 (sodium/bile acid cotransportger
family), member 5 (SLC10A5), mRNA

NM_001015543.1 Bos taurus ribosomal protein L13 (RPL13), | 0.00814| 5.88
MRNA

XM_611689.4 PREDICTED: Bos taurus similar to Laminin | 0.02142 5.88
subunit gamma-1 precursor (Laminin B2 chain)
(LAMC1), mRNA

NM_001040479.1 Bos taurus periostin, osteoblast specific factor0.03043| 5.55
(POSTN), mRNA

NM_001034765.1 Bos taurus Thy-1 cell surface antigen (THY1),0.00330] 5.55
MRNA

NM_001038582.1 Bos taurus electron-transfer-flavoprotein, beta0.01836/ 5.00
polypeptide (ETFB), mRNA

NM 001076331.1 Bos taurus MAX interactor 1 (MXI1), mRNA 0.02888 5.00

NM_001098071.1 Bos taurus G1 to S phase transition 1 (GSPT1(,03986 5.00

MRNA

152




XM_615405.4 PREDICTED: Bos taurus WD-repeat protein 38.01603 5.00
(WDR33), mRNA

XR_043027.1 PREDICTED: Bos taurus misc_RNA 0.00720 4.76
(LOC789346), miscRNA

XM_872002.3 PREDICTED: Bos taurus similar to APG16 | 0.00737 4.76
autophagy 16-like, transcript variant 5
(ATG16L1), mRNA

NR_024614.1 Bos taurus ribosomal protein S27 (RPS27), | 0.01351 4.76
transcript variant 3, transcribed RNA

NM_001040487.1 Bos taurus eukaryotic translation elongation | 0.00711| 4.76
factor 1 gamma (EEF1G), mRNA

NM_001075946.1 Bos taurus cell adhesion molecule 3 (CADM3)0.01029| 4.34
MRNA

NM_001078157.1 Bos taurus ADP-ribosylation factor-like 6 0.02483 4.34
interacting protein 1 (ARL6IP1), mRNA

XM_001790104.1] PREDICTED: Bos taurus NFKB activating 0.01801 4.34
protein, transcript variant 1 (NKAP), mRNA

NM_001081616.1 Bos taurus VMAZ21 vacuolar H+-ATPase 0.00728 4.34
homolog (S. cerevisiae) (VMA21), mRNA

XM_615786.4 PREDICTED: Bos taurus peptidylprolyl 0.00801 4.16
isomerase (cyclophilin)-like 4, transcript variant
1 (PPIL4), mRNA

NM 001101894.1 Bos taurus F-box protein 11 (FBXO11), mRNA 0.04165 4.00

NM 175801.2 Bos taurus follistatin (FST), mRNA 0.01199 4.00

XM_603300.3 PREDICTED: Bos taurus similar to nuclear | 0.01573 4.00
receptor interacting protein 1 (NRIP1), mRNA

NM_001080314.1 Bos taurus GTP-binding protein 10 (putative)| 0.04093 4.00
(GTPBP10), mRNA

XM_588451.4 PREDICTED: Bos taurus similar to NFBD1 | 0.03057 4.00
(MDC1), mRNA

XM_612368.4 PREDICTED: Bos taurus similar to RAN 0.03247 3.84
binding protein 17 (LOC533085), mMRNA

NM_001076468.1 Bos taurus HLA-B associated transcript 4 0.03791 3.84
(BAT4), mRNA

NM_001035272.1 Bos taurus splicing factor, arginine/serine-rich 6.00604| 3.84
(SFRS6), mRNA

XM_614458.4 PREDICTED: Bos taurus CAP-GLY domain | 0.01541f 3.84
containing linker protein 1, transcript variant 1
(CLIP1), mRNA

NM_001034684.1 Bos taurus cisplatin resistance-associated 0.04997| 3.84
overexpressed protein (CROP), mRNA

NM_001015551.1 Bos taurus aminoadipate aminotransferase | 0.02881| 3.70
(AADAT), mRNA

XM_614308.4 PREDICTED: Bos taurus coiled-coil domain | 0.01006, 3.70

containing 66 (CCDC66), mRNA
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NM_001075601.1 Bos taurus monocyte to macrophage 0.01548 3.70
differentiation-associated (MMD), mRNA

XM_866635.2 PREDICTED: Bos taurus similar to Echinode(r6.01380, 3.70
microtubule-associated protein-like 4 (EMAP-4)
(Restrictedly overexpressed proliferation-
associated protein) (Ropp 120), transcript varjant
3 (EML4), mRNA

XM_867978.3 PREDICTED: Bos taurus chromosome 9 open0.00067 3.70
reading frame 16 ortholog (C11H90rf16),
MRNA

XM_868974.2 PREDICTED: Bos taurus THAP domain 0.02239, 3.57
containing 9 (THAP9), mRNA

XM _611908.4 PREDICTED: Bos taurus similar to mutS 0.04898 3.57
homolog 6, transcript variant 1 (MSH6), mRNA

NM_001035432.1 Bos taurus CCR4-NOT transcription complex, 0.01503| 3.57
subunit 4 (CNOT4), mRNA

NM_001083643.1 Bos taurus NIMA (never in mitosis gene a)- | 0.00078| 3.44
related kinase 3 (NEK3), mRNA

NM_174564.2 Bos taurus NADH dehydrogenase (ubiquinone).00282|  3.44
1, subcomplex unknown, 1, 6kDa (NDUFC1),
MRNA

NM_001034555.2 Bos taurus S100 calcium binding protein B | 0.01983 3.44
(S100B), mRNA

NM_ 174033.3 Bos taurus CYBS5 protein (CYB5), mRNA 0.00081 3.44

NM_001046143.1 Bos taurus CDKN2A interacting protein 0.01020 3.44
(CDKN2AIP), mRNA

NM_174301.3 Bos taurus chemokine (C-X-C motif) receptor £.03667| 3.44
(CXCR4), mRNA

NM 001075297.1 Bos taurus interleukin 33 (IL33), mRNA 0.00711 3.33

NM_001076023.1 Bos taurus chromosome 12 open reading frapn@03312| 3.33
49 ortholog (C9H120rf49), mRNA

XM_600235.4 PREDICTED: Bos taurus myeloid/lymphoid or0.03043|  3.33
mixed-lineage leukemia (trithorax homolog,
Drosophila); translocated to, 3 (MLLT3), mRNA

NM_174387.2 Bos taurus mannosidase, beta A, lysosomal | 0.01136, 3.33
(MANBA), mRNA

NM_001114082.1 Bos taurus angiotensinogen (serpin peptidase0.00681 3.33
inhibitor, clade A, member 8) (AGT), mRNA

XM_597427.4 PREDICTED: Bos taurus similar to 0.02774| 3.33
phosphatidylinositol glycan class V (PIGV),
MRNA

NM_001102259.1 Bos taurus chromosome 10 open reading fram@03744 3.33
6 ortholog (C26H100RF6), MRNA

NM_174043.2 Bos taurus dopamine receptor D2 (DRD2), | 0.04227,  3.33
MRNA

NM 001046507.1 Bos taurus ELL associated factor 2 (EAF2), 0.048273.33
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MRNA

NM_174087.3

Bos taurus insulin-like growth factor 2
(somatomedin A) (IGF2), mRNA

0.00711

3.22

NM_001002887.1

Bos taurus paternally expressed 3 (PEG3),
MRNA

0.01719

3.22

XM_001787646.1

PREDICTED: Bos taurus similar to
phospholipase C-like 1 (LOC537873), partial
MRNA

0.00028

3.22

NM_001046461.1

Bos taurus TRIM6-TRIM34 readthrough
transcript (TRIM6-TRIM34), mRNA

0.00422

3.22

XR_042825.1

PREDICTED: Bos taurus misc_RNA
(MAML3), partial miscRNA

0.02367

3.22

XM_001249464.2

PREDICTED: Bos taurus similar to intersectir
long form (ITSN1), mRNA

10.03861

3.22

NM_001077991.1

Bos taurus RecQ protein-like (DNA helicase
Q1-like) (RECQL), mRNA

0.01667

3.22

XM_606010.4

PREDICTED: Bos taurus similar to solute
carrier family 35, member B3 (SLC35B3),
mMRNA

0.03799

3.22

NM_001034591.1

Bos taurus zinc finger, C3HC-type containing
(ZC3HC1), mRNA

D.00205

3.22

XM_588427.3

PREDICTED: Bos taurus similar to cell divisiq
cycle 2-like 5, transcript variant 3 (CDC2L5),
MRNA

D10.00594

3.12

XM_582124.3

PREDICTED: Bos taurus similar to GC-rich
promoter binding protein 1-like 1, transcript
variant 1 (GPBP1L1), mRNA

0.01704

3.12

NM_001080289.1

Bos taurus hypothetical LOC526913
(MGC148942), mRNA

0.00460

3.12

XM_001790627.1

PREDICTED: Bos taurus HIV-1 Tat specific
factor 1 (HTATSF1), mRNA

0.03675

3.12

XM_614320.4

PREDICTED: Bos taurus similar to Dmx-like
(DMXL1), mRNA

10.02635

3.12

NM_001015565.1

Bos taurus poly(rC) binding protein 1 (PCBP]
MRNA

)0.04980

3.12

NM_001076320.1

Bos taurus ADP-ribosylation factor-like 10
(ARL10), mRNA

0.01185

3.12

XM_582283.3

PREDICTED: Bos taurus similar to huntingtin
interacting protein 1 (HIP1), mRNA

0.01904

3.12

NM_203323.2

Bos taurus spermidine/spermine N1-
acetyltransferase family member 2 (SAT2),
MRNA

0.01429

3.00

NM_001099033.1

Bos taurus guanine nucleotide binding proteir

10.00063
N

(G protein), beta polypeptide 4 (GNB4), mRN}/

3.00
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XM_001787807.1

PREDICTED: Bos taurus similar to Leucine-
rich PPR motif-containing protein, mitochondr
precursor (130 kDa leucine-rich protein) (LRP
130) (GP130) (LOC509995), mRNA

0.00516
al

3.00

XM_001251924.2

PREDICTED: Bos taurus similar to enhancer
rudimentary homolog (LOC783761), mRNA

d@.03672

3.00

XM_864250.3

PREDICTED: Bos taurus similar to DNA repa

and recombination protein RAD54B (RAD54
homolog B), transcript variant 2 (RAD54B),
MRNA

110.04770

3.00

NM_001078069.1

Bos taurus protein tyrosine phosphatase, non

receptor type 18 (brain-derived) (PTPN18),
MRNA

-0.04115

3.00

NM_001035428.1

Bos taurus coiled-coil domain containing 47
(CCDCA47), mRNA

0.01911

3.00

XM_593991.4

PREDICTED: Bos taurus similar to
transmembrane 6 superfamily member 2
(TMBSF2), mRNA

0.02394

2.94

XR_027597.2

PREDICTED: Bos taurus misc_RNA
(LOC532189), miscRNA

0.00015

2.94

XR_028749.2

PREDICTED: Bos taurus misc_RNA
(LOC530641), miscRNA

0.00281

2.94

NM_001046517.1

Bos taurus lymphocyte antigen 96 (LY96),
MRNA

0.03013

2.94

XM_591415.4

PREDICTED: Bos taurus similar to
Uncharacterized protein C1orf160
(LOC513687), mMRNA

0.01677

2.94

NM_001034673.1

Bos taurus chromosome 12 open reading fra
23 ortholog (C5H120rf23), mRNA

M 03579

2.94

NM_001103319.1

Bos taurus phospholamban (PLN), mRNA

0.00

b65 2.85

XM_584232.4

PREDICTED: Bos taurus hypothetical
LOC539014, transcript variant 1 (LOC539014
MRNA

0.02942

2.85

XR_043032.1

PREDICTED: Bos taurus misc_RNA (AOC3)
MiSCRNA

0.01480

2.85

XM_584266.4

PREDICTED: Bos taurus similar to partner and.01058

localizer of BRCA2 (PALB2), mRNA

2.85

NM_001099710.1

Bos taurus muscleblind-like 2 (Drosophila)
(MBNL2), mRNA

0.01823

2.85

NM_001109795.1

Bos taurus alpha-2-macroglobulin (A2M),
MRNA

0.01895

2.85

NM_001105341.1

Bos taurus TRAF and TNF receptor associate®.00817

protein (TTRAP), mRNA

2.85

NM_001034583.1

Bos taurus component of oligomeric golgi
complex 4 (COG4), mRNA

0.03471

2.85
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XM_601617.4 PREDICTED: Bos taurus topoisomerase | 0.01047 2.77
binding, arginine/serine-rich (TOPORS), mRNA

XM_598625.4 PREDICTED: Bos taurus similar to calmodulin0.02197 2.77
regulated spectrin-associated protein 1-like 1
(LOC520385), mRNA

XR_028796.2 PREDICTED: Bos taurus misc_RNA 0.03802| 2.77
(LOC615883), miscRNA

NM_001098038.1 Bos taurus kinesin family member 23 (KIF23),0.01480 2.77
MRNA

NM_001083469.1 Bos taurus transmembrane protein 156 0.04739 2.77
(TMEM156), mRNA

NM_001078131.1 Bos taurus nuclear receptor binding factor 2 | 0.04746 2.77
(NRBF2), mRNA

NM_001101843.1 Bos taurus collectin sub-family member 12 | 0.04699| 2.77
(COLEC12), mRNA

NM_001076414.1 Bos taurus transmembrane BAX inhibitor motif0.01504 2.77
containing 6 (TMBIM6), mMRNA

XM_869402.2 PREDICTED: Bos taurus similar to MYST 0.04771 2.77
histone acetyltransferase (monocytic leukemia) 3
(LOC529373), mMRNA

XM_585792.4 PREDICTED: Bos taurus similar to Oxysterol- 0.03672]  2.70
binding protein-related protein 7 (OSBP-related
protein 7) (ORP-7), transcript variant 1
(OSBPL7), mMRNA

NM_001035361.1 Bos taurus RNA binding motif, single stranded0.02621 2.70
interacting protein 1 (RBMS1), mRNA

XM_879087.2 PREDICTED: Bos taurus similar to 0.04257 2.70
transcriptional repressor
BSR/RACK7/PRKCBP1, transcript variant 7
(ZMYNDS8), mRNA

NM_001037463.1 Bos taurus WW domain containing E3 ubiquiti®.00585 2.70
protein ligase 1 (WWP1), mRNA

XM_611206.4 PREDICTED: Bos taurus similar to adducin 1 0.03464 2.70
(alpha) (ADD1), mRNA

NM_001101925.1 Bos taurus transmembrane and coiled-coil | 0.04075] 2.70
domain family 1 (TMCC1), mRNA

NM_001083468.1 Bos taurus protein phosphatase 2, regulatory 0.00087 2.70
subunit B', epsilon isoform (PPP2R5E), mRNA

NM_001098122.1 Bos taurus synovial sarcoma translocation, | 0.02415| 2.70
chromosome 18 (SS18), mRNA

NM_001099209.1 Bos taurus hypothetical protein LOC788754 | 0.03043] 2.70
(MGC152484), mRNA

XM_863836.2 PREDICTED: Bos taurus microtubule- 0.03384| 2.63

associated protein 1B, transcript variant 2
(MAP1B), mRNA
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XR_042701.1 PREDICTED: Bos taurus misc_RNA 0.01586 2.63
(LOC786759), miscRNA

NM_001143867.1 Bos taurus DEAD (Asp-Glu-Ala-Asp) box 0.04126 2.63
polypeptide 6 (DDX6), mMRNA

XM_600663.4 PREDICTED: Bos taurus nestin (NES), mRNA 0.00303 2.63

NM_001034629.1 Bos taurus epoxide hydrolase 1, microsomal | 0.00935 2.63
(xenobiotic) (EPHX1), mRNA

XM_584315.4 PREDICTED: Bos taurus similar to 0.02230 2.63
chromosome 14 open reading frame 106
(LOC507661), mMRNA

XM _585218.4 PREDICTED: Bos taurus similar to 0.04863 2.63
bromodomain adjacent to zinc finger domain, 1B
(BAZ1B), mRNA

XM_604909.4 PREDICTED: Bos taurus similar to crooked | 0.01894, 2.63
neck-like 1 protein (CRNKL1), partial mMRNA

NM 001035362.1 Bos taurus tetraspanin 13 (TSPAN13), mRNA 0.002442.63

XM_584555.4 PREDICTED: Bos taurus similar to nuclear | 0.00608] 2.63
pore complex-associated protein TPR, transcript
variant 1 (TPR), mRNA

NM_001101898.1 Bos taurus inter-alpha (globulin) inhibitor H3 | 0.03844 2.63
(ITIH3), MRNA

NM_194465.2 Bos taurus murine retrovirus integration site 1 0.03526] 2.63
homolog (MRVI1), transcript variant 2, mRNA

NM_001102502.1 Bos taurus CDC42 binding protein kinase 0.00869| 2.63
gamma (CDC42BPG), mRNA

XM _592333.4 PREDICTED: Bos taurus similar to 0.04112 2.63
transcriptional regulator ATRX (ATRX), mRNA

NM_001076846.1 Bos taurus far upstream element (FUSE) 0.02223| 2.63
binding protein 1 (FUBP1), mRNA

NM_174028.1 Bos taurus colony stimulating factor 3 0.04807| 2.56
(granulocyte) (CSF3), mRNA

XM_864645.3 PREDICTED: Bos taurus similar to 0.00919| 2.56
alkylglycerone phosphate synthase, transcripf
variant 2 (AGPS), mRNA

NM_001100313.1 Bos taurus dehydrogenase/reductase (SDR | 0.02334| 2.56
family) member 12 (DHRS12), mRNA

XR_028142.1 PREDICTED: Bos taurus misc_RNA 0.04114, 2.56
(LOC535967), miscRNA

NM_001011681.3 Bos taurus growth factor receptor-bound proteth02877|  2.56
14 (GRB14), mRNA

NM_001014883.1 Bos taurus nuclear receptor subfamily 1, grou®.03541| 2.56
H, member 2 (NR1H2), mRNA

NM_001034515.1 Bos taurus G protein-coupled receptor, family 0.03894| 2.56

C, group 5, member A (GPRC5A), mRNA
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XM_001256832.2 PREDICTED: Bos taurus similar to Pre-mRNA©.00113 2.56
splicing factor SYF2 (CCNDBP1-interactor)
(p29) (LOC790322), partial mMRNA

NM_001075641.1 Bos taurus myotubularin related protein 7 0.01876| 2.56
(MTMR7), mRNA

NM_001102325.1 Bos taurus activating transcription factor 7 | 0.00789| 2.56
interacting protein (ATF71P), mRNA

NM_001075366.2 Bos taurus HLA-B associated transcript 3 0.03587| 2.56
(BAT3), mRNA

NM_001076334.1 Bos taurus small nuclear ribonucleoprotein | 0.01243| 2.56
polypeptide C (SNRPC), mRNA

NM_001078001.1 Bos taurus hypothetical LOC534560 0.04503 2.50
(MGC152232), mRNA

XM_864293.3 PREDICTED: Bos taurus similar to 0.03602 2.50
Transcription cofactor vestigial-like protein 1
(Vgl-1) (Protein TONDU), transcript variant 4
(VGLL1), mRNA

NM_001077980.1 Bos taurus polycomb group ring finger 5 0.03170 2.50
(PCGF5), mRNA

XM_865593.3 PREDICTED: Bos taurus similar to Midasin | 0.03172 2.44
(MIDAS-containing protein), transcript variant |2
(MDN1), mRNA

NM_001101096.1 Bos taurus nudix (nucleoside diphosphate link8d4002| 2.44
moiety X)-type motif 9 (NUDT9), mRNA

NM_001046314.1 Bos taurus ubiquitin-fold modifier 1 (UFM1), | 0.04398| 2.44
MRNA

XM_871152.2 PREDICTED: Bos taurus similar to TRD@ | 0.04936 2.44
protein (LOC618831), mRNA

NM_001034524.1 Bos taurus heat shock 70kDa protein 9 0.04059| 2.44
(mortalin) (HSPA9), nuclear gene encoding
mitochondrial protein, mRNA

XM_594786.4 PREDICTED: Bos taurus similar to RIKEN | 0.03133| 2.44
cDNA 1110067D22 (LOC516629), mRNA

XM_001251030.1 PREDICTED: Bos taurus cutC copper 0.03286 2.44
transporter homolog (E. coli), transcript variant 1
(CUTC), partial mMRNA

NM_001037629.1 Bos taurus translocase of inner mitochondrial 0.00489| 2.44
membrane 8 homolog B (yeast) (TIMM8B),
nuclear gene encoding mitochondrial protein,
MRNA

XM_001787477.1 PREDICTED: Bos taurus similar to dedicator|d3.02126 2.38
cytokinesis 10 (LOC539421), mRNA

NM 001103096.1 Bos taurus nucleoporin 43kDa (NUP43), mRINA.02101| 2.38

NM_174087.3 Bos taurus insulin-like growth factor 2 0.03194 2.38
(somatomedin A) (IGF2), mRNA

NM 001075285.1 Bos taurus nucleoporin 54kDa (NUP54), mRINA.01310 2.38
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NM_001101170.2

Bos taurus sine oculis binding protein homola
(Drosophila) (SOBP), mRNA

$.00167

2.38

XM_868213.3 PREDICTED: Bos taurus similar to 0.04905 2.38
Transcobalamin-1 precursor (Transcobalamin 1)
(TCI) (TC 1) (TCN1), mRNA

NM_174712.2 Bos taurus rhesus-like protein (LOC282685),| 0.04955]  2.38
MRNA

NM_001100293.1 Bos taurus chemokine (C-C motif) receptor 4| 0.03768 2.38
(CCR4), mRNA

NM_001102082.1 Bos taurus zinc finger CCCH-type containing| 0.01653 2.38
18 (ZC3H18), mRNA

NM_001034714.1 Bos taurus chromosome 2 open reading framed.01792 2.38
42 ortholog (C11H2o0rf42), mRNA

NM_177945.3 Bos taurus peroxisome proliferator-activated | 0.03376 2.38
receptor gamma, coactivator 1 alpha
(PPARGC1A), mRNA

XM_614758.4 PREDICTED: Bos taurus similar to 0.03417| 2.32
Thrombospondin type-1 domain-containing
protein 4 (LOC534844), mRNA

NM_174587.1 Bos taurus protein kinase C, beta (PRKCB), | 0.01678  2.32
MRNA

XM_615405.4 PREDICTED: Bos taurus WD-repeat protein 38.04315 2.32
(WDR33), mRNA

XM _001256289.2 PREDICTED: Bos taurus similar to mucin 2 | 0.00945| 2.32
(LOC789571), partial mMRNA

XM _591968.4 PREDICTED: Bos taurus similar to aurora 0.03991 2.32
borealis, transcript variant 1 (LOC514162),
MRNA

XM_582828.3 PREDICTED: Bos taurus similar to exonuclease01591 2.32
1 (EXO1), mRNA

NM 174715.1 Bos taurus ribosomal protein L3 (Rpl3), mMRNA 0.04690 2.32

NM_001105258.1] Bos taurus kinesin family member 20B 0.01761| 2.32
(KIF20B), mRNA

NM_001075823.1 Bos taurus sulfotransferase family, cytosolic,| 0.01267| 2.32
1B, member 1 (SULT1B1), mRNA

XM_867682.3 PREDICTED: Bos taurus hypothetical 0.03488| 2.32
LOC615784 (LOC615784), mRNA

XM_592611.4 PREDICTED: Bos taurus fibroblast growth | 0.04468 2.32
factor 10, transcript variant 2 (FGF10), mRNA

NM_001038543.1 Bos taurus sperm associated antigen 7 (SPAGQYP3018 2.27
MRNA

XM_591440.3 PREDICTED: Bos taurus similar to Importin-7 0.04102 2.27
(Imp7) (Ran-binding protein 7) (RanBP7)
(IPO7), mRNA

NM_001078013.1 Bos taurus RAB7B, member RAS oncogene | 0.02049 2.27

family (RAB7B), mRNA
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XM_865774.3 PREDICTED: Bos taurus similar to Heat shocl0.03347 2.27
70 kDa protein 4L (Osmotic stress protein 94)
(Heat shock 70-related protein APG-1),
transcript variant 3 (HSPA4L), mRNA

NM_001098885.1 Bos taurus golgi SNAP receptor complex 0.03655 2.27
member 2 (GOSR2), mRNA

XM_617171.4 PREDICTED: Bos taurus similar to cytidine | 0.01249 2.27
monophosphate-N-acetylneuraminic acid
hydroxylase, transcript variant 1 (LOC537017),
MRNA

XM_001252878.1 PREDICTED: Bos taurus similar to 0.02951 2.27
LOC522191 protein (MTERF), mRNA

XR_043028.1 PREDICTED: Bos taurus misc_RNA 0.00517, 2.27
(LOC100138100), miscRNA

XM_001790491.1] PREDICTED: Bos taurus IQ motif containing| 0.03127 2.27
with AAA domain (IQCA), mRNA

NM_001045999.1 Bos taurus hypothetical LOC508280 0.01102| 2.22
(MGC127461), mRNA

XM_001790095.1] PREDICTED: Bos taurus coiled-coil domain | 0.00272 2.22
containing 76 (CCDC76), mRNA

XM_001256605.1 PREDICTED: Bos taurus similar to pregnancy9.01145| 2.22
associated glycoprotein 8 (LOC790008), partial
MRNA

XM_582594 .4 PREDICTED: Bos taurus similar to zinc finger 0.03953 2.22
protein 77 (pT1) (LOC506181), partial mMRNA

NM_001080357.1 Bos taurus anaphase promoting complex suguni®1297| 2.22
10 (ANAPC10), mRNA

XR_042974.1 PREDICTED: Bos taurus misc_RNA 0.02732] 2.22
(METTL210), miscRNA

XM_001253151.21 PREDICTED: Bos taurus similar to von 0.02884 2.22
Willebrand factor C and EGF domains (VWCE),
MRNA

XM_581757.3 PREDICTED: Bos taurus similar to cytochrom®.01054 2.22
P450 2C92 (LOC505468), mRNA

NM_174056.3 Bos taurus fibroblast growth factor 2 (basic) | 0.04033] 2.22
(FGF2), mRNA

NM_001077928.1 Bos taurus plexin domain containing 2 0.02503 2.22
(PLXDC2), mRNA

NM_001015642.2 Bos taurus carboxypeptidase X (M14 family),| 0.04359 2.17
member 1 (CPXM1), mRNA

NM_001083500.1 Bos taurus hypothetical LOC541171 0.03365| 2.17
(MGC143035), mRNA

NM 001103224.1] Bos taurus annexin A6 (ANXAG6), mRNA 0.04187 2.17

XM_610845.4 PREDICTED: Bos taurus serum deprivation | 0.02345 2.17

response (phosphatidylserine binding protein)
(SDPR), partial mMRNA
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XM_870123.2

PREDICTED: Bos taurus similar to Amiloride
sensitive sodium channel subunit gamma
(Epithelial Na(+) channel subunit gamma)
(Gamma-ENaC) (Nonvoltage-gated sodium
channel 1 subunit gamma) (SCNEG) (Gammg
NaCH) (SCNN1G), mRNA

-0.00310

=
1

2.17

XM_882441.2

PREDICTED: Bos taurus hypothetical
LOC617028 (LOC617028), mRNA

0.04925

2.17

NM_001083503.1

Bos taurus ubiquitin-conjugating enzyme E2M0.02430

(UBC12 homolog, yeast) (UBE2M), mRNA

2.17

NM_001103224.1

Bos taurus annexin A6 (ANXAG6), mRNA

0.044

D5

2.17

XM_587287.4

PREDICTED: Bos taurus proline-rich cyclin
Al-interacting protein (PROCA1), mRNA

0.03110

2.17

XM_615597.4

PREDICTED: Bos taurus similar to nuclear
receptor subfamily 5, group A, member 2,
transcript variant 1 (NR5A2), mRNA

0.04968

2.17

XM_616144.4

PREDICTED: Bos taurus desmocollin 3
(DSC3), mRNA

0.04708

2.17

XM_592197.3

PREDICTED: Bos taurus similar to
Desmoplakin (DP) (250/210 kDa paraneoplas
pemphigus antigen), transcript variant 1 (DSP
MRNA

0.01086

fic

2.17

XR_042741.1

PREDICTED: Bos taurus misc_RNA
(LOC785805), miscRNA

0.04058

2.12

XM_001788305.1

PREDICTED: Bos taurus similar to calcium
activated chloride channel 2 (LOC534256),
mMRNA

0.01044

2.12

NM_001076427.1

Bos taurus cytochrome P450, family 2,
subfamily C, polypeptide 87 (CYP2C87),
MRNA

0.02339

2.12

NM_001034447.1

Bos taurus fructose-1,6-bisphosphatase 1
(FBP1), mMRNA

0.04555

2.12

XM_592304.4

PREDICTED: Bos taurus similar to Protein
flightless-1 homolog, transcript variant 1 (FLII
MRNA

0.00334

2.12

NM_001101213.1

Bos taurus isochorismatase domain containir]
(ISOC1), mRNA

PD4217

2.12

NM_001046332.1

Bos taurus cell division cycle 42 (GTP binding
protein, 25kDa) (CDC42), mRNA

70.04187

2.12

XM_588697.4

PREDICTED: Bos taurus similar to tumor
necrosis factor, alpha-induced protein 1,
transcript variant 1 (TNFAIP1), mRNA

0.01922

2.12

XR_027344.2

PREDICTED: Bos taurus misc_RNA
(LOC781850), miscRNA

0.03912

2.12

NM_001076136.1

Bos taurus GINS complex subunit 3 (Psf3

0.00375

homolog) (GINS3), mRNA

2.12
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NM_001102004.1

Bos taurus URB2 ribosome biogenesis 2
homolog (S. cerevisiae) (URB2), mRNA

0.02762

2.12

XM_865933.2

PREDICTED: Bos taurus similar to KIAA1944
(LOC614438), mRNA

0.04601

2.12

XM_001253129.2

PREDICTED: Bos taurus similar to
programmed cell death protein 7 (PDCD?7),
MRNA

0.00648

2.08

XM_582278.4

PREDICTED: Bos taurus chromosome 6 ope
reading frame 115 ortholog (HOC60ORF115),
MRNA

n0.03368

2.08

XM_001788143.1

PREDICTED: Bos taurus similar to
transmembrane protein with EGF-like and twg
follistatin-like domains 1 (LOC100139803),
MRNA

0.03039

2.08

XM_001787893.1

PREDICTED: Bos taurus similar to echinoder
microtubule associated protein like 5
(LOC537305), partial mMRNA

.02931

2.08

NM_174386.2

Bos taurus microfibrillar associated protein 5
(MFAP5), mRNA

0.01789

2.08

XM_614691.3

PREDICTED: Bos taurus topoisomerase (DN
| (TOP1), mRNA

/).02338

2.08

XM_001250628.2

PREDICTED: Bos taurus similar to ATP
synthase subunit epsilon, mitochondrial
(LOC782270), mRNA

0.04762

2.08

NM_173942.2

Bos taurus cleavage and polyadenylation
specific factor 4, 30kDa (CPSF4), mRNA

0.01118

2.08

XM_583652.3

PREDICTED: Bos taurus similar to pleckstrin
homology domain containing, family A
(phosphoinositide binding specific) member 8
(PLEKHAS8), mRNA

0.04434

2.04

XM_580330.4

PREDICTED: Bos taurus similar to nadrin
(ARHGAP17), mRNA

0.01185

2.04

NM_174399.1

Bos taurus neural cell adhesion molecule 1
(NCAM1), mRNA

0.03915

2.04

XM_597858.4

PREDICTED: Bos taurus similar to myosin
18A, transcript variant 2 (MYO18A), mRNA

0.01654

2.04

XM_614586.4

PREDICTED: Bos taurus similar to histone
cluster 2, H2aa4 (LOC541108), mRNA

0.02442

2.04

NM_001035074.1

Bos taurus acidic (leucine-rich) nuclear
phosphoprotein 32 family, member B
(ANP32B), mRNA

0.01055

2.04

NM_001034469.1

Bos taurus mesoderm development candidat
(MESDC?2), mRNA

2201206

2.04

NM_001077839.1

Bos taurus chemokine (C-C motif) receptor 1

0.04002

(CCR1), mRNA

2.04
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XM_001249810.2

PREDICTED: Bos taurus similar to LON
peptidase N-terminal domain and RING finger
protein 3, transcript variant 1 (LONRF3), mRN

0.01397

A

2.04

NM_001076926.1

Bos taurus neuronal guanine nucleotide
exchange factor (NGEF), mRNA

0.04147

2.00

XR_042959.1

PREDICTED: Bos taurus misc_RNA (TAF5),
MiSCRNA

0.01026

2.00

XM_592026.4

PREDICTED: Bos taurus caspase 1, apoptos
related cysteine peptidase (interleukin 1, beta
convertase), transcript variant 1 (CASP1),
MRNA

1£.04651

2.00

NM_001081526.1

Bos taurus protein-L-isoaspartate (D-aspartat
O-methyltransferase domain containing 1
(PCMTD1), mRNA

).02648

2.00

NM_001035490.1

Bos taurus chromosome 8 open reading fram
ortholog (C27H80rf4), mRNA

0401950

2.00

NM_001038117.1

Bos taurus coiled-coil domain containing 52
(CCDC52), mRNA

0.00121

2.00

NM_001098929.1

Bos taurus splicing factor, arginine/serine-rick
(SFRS5), mRNA

16.03955

-3.68

NR_001464.2

Bos taurus X (inactive)-specific transcript
(XIST), non-coding RNA

0.01175

-5.59

NM_001078161.2

Bos taurus hypothetical protein LOC777786
(LOC777786), mMRNA

0.00770

-2.98

NM_001038092.1

Bos taurus chromosome 17 open reading fra
49 ortholog (C19H170rf49), mRNA

M&01536

-3.93

XM_587229.4

PREDICTED: Bos taurus similar to serum-
inducible kinase, transcript variant 1 (PLK2),
MRNA

0.02743

-2.52

NM_001075347.1

Bos taurus THAP domain containing, apoptos
associated protein 3 (THAP3), mRNA

5i8.01731

-3.66

NM_174212.2

Bos taurus UDP-glucose pyrophosphorylase
(UGP2), mRNA

20.01212

-3.35

XM_865719.3

PREDICTED: Bos taurus chromosome X ope
reading frame 15 ortholog, transcript variant 3
(HXCXORF15), mRNA

M.02060

-2.58

NM_001040471.1

Bos taurus glucose phosphate isomerase (G
MRNA

50),00658

-2.51

XM_864691.3

PREDICTED: Bos taurus similar to cytoplasm
polyadenylation element binding protein 1,
transcript variant 2 (CPEB1), mRNA

10.01679

-2.97

NM_001024488.2

Bos taurus solute carrier family 3 (activators (
dibasic and neutral amino acid transport),
member 2 (SLC3A2), mRNA

p0.04640

-3.27

NM_001075681.1

Bos taurus coiled-coil domain containing 107

0.04065

(CCDC107), mRNA

-2.68
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NM_001102306.1 Bos taurus eukaryotic translation initiation 0.01196| -3.27
factor 4E family member 3 (EIF4E3), mRNA

NM_001046333.1 Bos taurus calcium/calmodulin-dependent 0.01793| -3.27
protein kinase Il delta (CAMK2D), mRNA

NM_001035302.1 Bos taurus ARV1 homolog (S. cerevisiae) 0.04777, -2.55
(ARV1), mRNA

XM_867976.2 PREDICTED: Bos taurus similar to ankyrin | 0.03831| -2.55
repeat and sterile alpha motif domain containipng
3, transcript variant 2 (ANKS3), mRNA

XM_864973.3 PREDICTED: Bos taurus SLAM family 0.00261| -2.04
member 9 (SLAMF9), mRNA

NM 001034606.1 Bos taurus syntaxin 17 (STX17), mRNA 0.04349 -2.40

XM_593410.4 PREDICTED: Bos taurus similar to LKB1 0.01437| -3.66
interacting protein (STK11IP), mRNA

NM_001034784.1 Bos taurus fission 1 (mitochondrial outer 0.03793| -2.09
membrane) homolog (S. cerevisiae) (FIS1),
nuclear gene encoding mitochondrial protein,
MRNA

XM_001790641.1 PREDICTED: Bos taurus dishevelled, dsh 0.03482| -2.86
homolog 2 (Drosophila) (DVL2), mRNA

XM_586727.4 PREDICTED: Bos taurus similar to zinc fingey 0.02021| -2.25
protein 74 (ZNF74), mRNA

NM_001045945.1 Bos taurus RCAN family member 3 (RCAN3)} 0.01413| -2.57
MRNA

NM_001102266.1 Bos taurus A kinase (PRKA) anchor protein 7 0.03703| -2.36
(AKAP7), mRNA

NM_001034670.1 Bos taurus anterior pharynx defective 1 0.03605| -2.22
homolog A (C. elegans) (APH1A), mRNA

XM_001251118.1] PREDICTED: Bos taurus similar to dynamin | 0.04047| -2.13
binding protein (DNMBP), mRNA

NM_001046376.1 Bos taurus ubiquitin specific peptidase 21 0.02988| -2.15
(USP21), mRNA

XM_614921.4 PREDICTED: Bos taurus similar to 60S 0.01993] -2.05
ribosomal protein L26-like 1, transcript variant 1
(RPL26L1), mRNA

XM_600364.4 PREDICTED: Bos taurus similar to additional 0.03269| -2.19
sex combs like 1 (ASXL1), mRNA

NM_001083407.1 Bos taurus spermatogenesis associated 20 | 0.03165| -2.28

(SPATA20), mRNA
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Appendix Table 4: Transcripts that were differentially expressed in ECIE&e
(*positive values for fold-change indicate that expression is greater in ECb)

Bovine Bovine RefSeq_Description P value Fold

RefSeq ID change*

XM_612798.4 PREDICTED: Bos taurus similar to protein | 0.00247| 25.00
inhibitor of activated STAT X, transcript variant
1 (PIAS2), mRNA

XM_588088.4 PREDICTED: Bos taurus similar to delangin | 0.03253] 20.00
(NIPBL), mRNA

XM_001250465.1] PREDICTED: Bos taurus similar to ubiquitin | 0.01715 16.67
specific peptidase 54 (LOC784739), mRNA

NM_174345.3 Bos taurus heat shock 70kDa protein 8 0.00069| 16.67
(HSPAS8), mRNA

NM_001034039.1 Bos taurus collagen, type I, alpha 1 (COL1A1)0.00135, 16.67
MRNA

XM_001788124.1 PREDICTED: Bos taurus similar to cleavage | 0.00230| 16.67
stimulation factor subunit 3 (LOC613678),
MRNA

XR_028410.2 PREDICTED: Bos taurus misc_RNA 0.00291| 16.67
(LOC614926), miscRNA

XM_582135.4 PREDICTED: Bos taurus neurofilament, 0.01724| 14.28
medium polypeptide (NEF3), mMRNA

NM 174715.1 Bos taurus ribosomal protein L3 (Rpl3), mMRNA 0.0000214.28

XR_028569.2 PREDICTED: Bos taurus misc_RNA 0.00318| 14.28
(LOC535649), miscRNA

NM_001035014.1 Bos taurus ribosomal protein L23 (RPL23), | 0.02095| 12.50
MRNA

NM_176645.3 Bos taurus ras homolog gene family, member 8.00002| 12.50
(RHOA), mRNA

NR_001464.2 Bos taurus X (inactive)-specific transcript 0.02390] 12.50
(XIST), non-coding RNA

NM_174464.2 Bos taurus secreted protein, acidic, cysteine-fiol02412| 12.50
(osteonectin) (SPARC), mRNA

NM_001105045.1 Bos taurus neuronal protein 3.1 0.01061] 12.50
(LOC100125763), mRNA

XM_001255132.1 PREDICTED: Bos taurus similar to ribosomall 0.00373] 11.11
protein S6-like (LOC787914), mRNA

NM_174568.2 Bos taurus poly(A) binding protein, cytoplasmi©.02252] 11.11
1 (PABPC1), mRNA

NM_001034039.1 Bos taurus collagen, type |, alpha 1 (COL1A1)0.00790, 11.11

MRNA
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NM_174780.3 Bos taurus brain abundant, membrane attache@.03227| 11.11
signal protein 1 (BASP1), mRNA

XM_589161.4 PREDICTED: Bos taurus synaptotagmin 0.01538] 11.11
binding, cytoplasmic RNA interacting protein
(SYNCRIP), mRNA

XM_001250700.1] PREDICTED: Bos taurus similar to 0.02041| 10.00
Serine/threonine-protein phosphatase 2A 55 kDa
regulatory subunit B gamma isoform (PP2A,
subunit B, B-gamma isoform) (PP2A, subunit B,
B55-gamma isoform) (PP2A, subunit B, PR55-
gamma isoform) (PP2A, subunit B, R2-gamma
isoform) (IMYPNO1) (PPP2R2C), mRNA

XM_001255541.2] PREDICTED: Bos taurus similar to metastasis0.04351| 10.00
suppressor 1 (LOC788499), mRNA

XR_028031.2 PREDICTED: Bos taurus misc_RNA 0.01138] 10.00
(LOC536267), miscRNA

NM_001012670.1 Bos taurus heat shock 90kD protein 1, alpha | 0.00861) 9.00
(HSPCA), mRNA

NM_001046347.1 Bos taurus RAB3A interacting protein (rabin3) 0.04279,  9.00
(RAB3IP), mRNA

NM_174464.2 Bos taurus secreted protein, acidic, cysteine-fieik03973)  9.00
(osteonectin) (SPARC), mRNA

NM_174062.3 Bos taurus ferritin, heavy polypeptide 1 (FTH1)).04736/ 9.00
MRNA

NM_001101886.1 Bos taurus DEAD (Asp-Glu-Ala-Asp) box 0.00165| 8.33
polypeptide 31 (DDX31), mRNA

XM_582135.4 PREDICTED: Bos taurus neurofilament, 0.04293 8.33
medium polypeptide (NEF3), mMRNA

NM_001111103.1 Bos taurus polymerase | and transcript releage).02888 8.33
factor (PTRF), transcript variant 2, mRNA

NM_001034500.1 Bos taurus emopamil binding protein (sterol | 0.00682 8.33
isomerase) (EBP), mRNA

NM_174386.2 Bos taurus microfibrillar associated protein 5| 0.00176] 8.33
(MFAP5), mRNA

NM_ 174053.1 Bos taurus fibrillin 1 (FBN1), mRNA 0.00607 7.69

NM_001080347.1 Bos taurus hypothetical protein LOC783068 | 0.01231| 7.69
(MGC151567), mRNA

NM_174815.2 Bos taurus Y box binding protein 1 (YBX1), | 0.02221] 7.69
MRNA

NM_174333.3 Bos taurus protein disulfide isomerase family|A).01194|  7.69

member 3 (PDIA3), mMRNA
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XM_598984.4 PREDICTED: Bos taurus similar to Mediator §0.00075 7.14
RNA polymerase Il transcription subunit 1
(Mediator complex subunit 1) (Peroxisome
proliferator-activated receptor-binding protein)
(PBP) (PPAR-binding protein) (Thyroid
hormone receptor-associated protein complex
220 kDa com, transcript variant 1 (MED1),
MRNA

NM_001034039.1 Bos taurus collagen, type |, alpha 1 (COL1A1)0.01894| 7.14
MRNA

NM_001035497.1 Bos taurus ubiquitin-conjugating enzyme E2 | 0.00758 7.14
variant 1 (UBE2V1), mRNA

NM 001035306.1 Bos taurus ribosomal protein L5 (RPL5), mRNA.00458] 7.14

NM_001025339.1 Bos taurus ribosomal protein S24 (RPS24), |0.01487| 7.14
MRNA

XM_001252331.1 PREDICTED: Bos taurus similar to 0.02549 7.14
serine/arginine repetitive matrix 1, transcript
variant 1 (SRRM1), mRNA

NM_001076067.1 Bos taurus proteasome (prosome, macropain)0.04760, 6.66
26S subunit, non-ATPase, 14 (PSMD14), mRNA

NM_001101162.1 Bos taurus hypothetical LOC535277 0.00887| 6.66
(LOC535277), mRNA

NM_001098006.1 Bos taurus BUD13 homolog (S. cerevisiae) | 0.00653] 6.66
(BUD13), mRNA

NM_001083466.1 Bos taurus heterogeneous nuclear 0.00492| 6.66
ribonucleoprotein U-like 1 (HNRNPUL1),
MRNA

XR_027885.2 PREDICTED: Bos taurus misc_RNA 0.01760; 6.66
(LOC613460), miscRNA

NM_001079637.1 Bos taurus heat shock 90kDa protein 1, beta | 0.00413] 6.25
(HSP90AB1), mRNA

NM_001075515.1 Bos taurus 5'-nucleotidase, cytosolic Ill-like | 0.00166| 6.25
(NT5C3L), mRNA

NM_174464.2 Bos taurus secreted protein, acidic, cysteine-fiok01074| 6.25
(osteonectin) (SPARC), mRNA

NM_001114192.1 Bos taurus heat shock 70kDa protein 4 0.00451| 5.88
(HSPA4), mRNA

NM_174663.2 Bos taurus platelet-activating factor 0.00093| 5.88
acetylhydrolase, isoform Ib, alpha subunit 45kDa
(PAFAH1B1), mRNA

NM_001014388.1 Bos taurus tumor protein, translationally- 0.00153 5.88
controlled 1 (TPT1), mRNA

NM_001037468.1 Bos taurus cell division cycle 7 homolog (S. | 0.03038, 5.88
cerevisiae) (CDC7), mRNA

XM _883110.3 PREDICTED: Bos taurus similar to Histone | 0.01938 5.88

H3.3B CG8989-PA, transcript variant 4
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(H3F3B), mRNA

NM_001038558.1] Bos taurus cell adhesion molecule 1 (CADM1)0.00104| 5.88
MRNA

NM_001015533.1 Bos taurus signal sequence receptor, beta | 0.01524| 5.88
(translocon-associated protein beta) (SSR2),
MRNA

NM_001034614.1 Bos taurus BCL2/adenovirus E1B 19kDa 0.00843| 5.55
interacting protein 3-like (BNIP3L), mRNA

NM_001007806.2 Bos taurus prostaglandin E synthase 3 0.02171 5.55
(cytosolic) (PTGES3), mRNA

NM_001014388.1 Bos taurus tumor protein, translationally- 0.01722 5.55
controlled 1 (TPT1), mRNA

NM_174087.3 Bos taurus insulin-like growth factor 2 0.00028| 5.55
(somatomedin A) (IGF2), mRNA

XR_027849.2 PREDICTED: Bos taurus misc_RNA 0.03222| 5.55
(LOC538561), miscRNA

NM_001015522.1] Bos taurus vacuolar protein sorting 16 homolp.01103] 5.55
(S. cerevisiae) (VPS16), mMRNA

NM_001076831.1 Bos taurus collagen, type lll, alpha 1 0.04352| 5.26
(COL3A1), mRNA

XM_602857.3 PREDICTED: Bos taurus similar to ubiquitin | 0.02442| 5.26
specific protease 25 (USP25), mRNA

XM_867454.3 PREDICTED: Bos taurus similar to 0.00546| 5.26
transmembrane anterior posterior transformatjon
1 (TAPT1), mRNA

NM_001080301.1 Bos taurus LUC7-like (S. cerevisiae) (LUC7L),0.01602 5.26
MRNA

XM _614281.4 PREDICTED: Bos taurus similar to Probable E3.04158 5.26
ubiquitin-protein ligase MYCBP2 (Myc-binding
protein 2) (Protein associated with Myc)
(Pam/highwire/rpm-1 protein) (MYCBP2),
MRNA

NM_001101931.1 Bos taurus hypothetical protein LOC510660 | 0.01724| 5.00
(LOC510660), mMRNA

XM_879644.2 PREDICTED: Bos taurus RNA binding motif | 0.03258| 5.00
protein 25, transcript variant 5 (RBM25), mRNA

NM_174062.3 Bos taurus ferritin, heavy polypeptide 1 (FTH1)).03393 5.00
MRNA

NM_001077928.1 Bos taurus plexin domain containing 2 0.03094| 4.76
(PLXDC2), mRNA

XM_589795.4 PREDICTED: Bos taurus similar to coiled-coi| 0.04905| 4.76
domain containing 15 (CCDC15), mRNA

NM_001075436.1 Bos taurus heterochromatin protein 1, binding 0.03309| 4.76

protein 3 (HP1BP3), mRNA
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XM_867461.3 PREDICTED: Bos taurus similar to ubiquitin-| 0.00409| 4.76
conjugating enzyme E2E 1, transcript variant 2
(UBE2E1), mRNA

XM_590860.4 PREDICTED: Bos taurus similar to zinc fingef,0.00807, 4.76
CCHC domain containing 6, transcript variant|1
(ZCCHCB6), mRNA

NM_174763.2 Bos taurus peroxiredoxin 2 (PRDX2), nuclear| 0.01602| 4.54
gene encoding mitochondrial protein, mMRNA

XM _609842.3 PREDICTED: Bos taurus similar to BTB and | 0.00056] 4.54
CNC homology 1 (BACH1), mRNA

NM_001075788.1 Bos taurus damage-specific DNA binding 0.00302| 4.54
protein 2, 48kDa (DDB2), mRNA

NM_001081510.1 Bos taurus splicing factor 3a, subunit 1, 120kD@& 03436, 4.54
(SF3A1), mRNA

NM_001075649.1 Bos taurus N-acetyltransferase 15 (GCN5- | 0.00341) 4.54
related, putative) (NAT15), mRNA

XR_028633.2 PREDICTED: Bos taurus misc_RNA 0.04815] 4.54
(LOC788293), miscRNA

XM_001254709.21 PREDICTED: Bos taurus similar to 0.01366| 4.34
topoisomerase (DNA) Il beta 180kDa (TOP2B),
MRNA

NM_001075402.1 Bos taurus TatD DNase domain containing 1| 0.02649| 4.34
(TATDN1), mRNA

XM_001249987.2 PREDICTED: Bos taurus similar to eukaryoti¢ 0.00999| 4.34
translation elongation factor 1 alpha 1, transcrjpt
variant 1 (EEF1A1), mRNA

NM_001040487.1 Bos taurus eukaryotic translation elongation | 0.04782| 4.34
factor 1 gamma (EEF1G), mRNA

XM_867149.3 PREDICTED: Bos taurus similar to Poly [ADR-0.01237| 4.34
ribose] polymerase 4 (PARP-4) (Vault
poly(ADP-ribose) polymerase) (VPARP) (193
kDa vault protein) (PARP-related/lalphal-related
H5/proline-rich) (PH5P) (PARP4), mRNA

XM _597007.4 PREDICTED: Bos taurus similar to F-box/LRR0.02811| 4.34
repeat protein 7 (F-box and leucine-rich repeat
protein 7) (F-box protein FBL6/FBL7) (FBXL7),
MRNA

NM_001037468.1 Bos taurus cell division cycle 7 homolog (S. | 0.03266| 4.16
cerevisiae) (CDC7), mRNA

XM _592234.3 PREDICTED: Bos taurus similar to nuclear | 0.00032| 4.16
receptor binding SET domain protein 1 (NSD1),
partial MRNA

NM_001045883.1 Bos taurus 3-hydroxy-3-methylglutaryl- 0.03160; 4.16

Coenzyme A synthase 2 (mitochondrial)
(HMGCS2), nuclear gene encoding
mitochondrial protein, mMRNA
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XM_001250706.2 PREDICTED: Bos taurus similar to 60S 0.01374| 4.16
ribosomal protein L9, transcript variant 1
(LOC782631), mMRNA

XM_001249528.21 PREDICTED: Bos taurus similar to Histone | 0.04295| 4.16
H3.3B CG8989-PA (LOC781224), mRNA

NM_001033762.1 Bos taurus GDP dissociation inhibitor 2 (GDI2)0.01586| 4.16
MRNA

NM_001035008.1 Bos taurus ribosomal protein L37a (RPL37A)| 0.02059| 4.16
MRNA

NM_001101933.1 Bos taurus TSR1, 20S rRNA accumulation, | 0.01696] 4.16
homolog (S. cerevisiae) (TSR1), mMRNA

NM_001034484.1 Bos taurus eukaryotic translation initiation 0.00217| 4.16
factor 3, subunit D (EIF3D), mRNA

XR_027807.2 PREDICTED: Bos taurus misc_RNA 0.00606| 4.16
(LOC614207), miscRNA

NM_174004.3 Bos taurus caveolin 1, caveolae protein, 22kD#®.00648| 4.16
(CAV1), mRNA

XM_865029.3 PREDICTED: Bos taurus similar to splicing | 0.00144| 4.00
factor 3b, subunit 1, transcript variant 2 (SF3B1),
MRNA

NM_001024535.1] Bos taurus KIAA0141 protein (KIAA0141), 0.04788| 4.00
MRNA

XM_001250706.2 PREDICTED: Bos taurus similar to 60S 0.01001| 4.00
ribosomal protein L9, transcript variant 1
(LOC782631), mMRNA

NM_001015533.1 Bos taurus signal sequence receptor, beta | 0.04078, 4.00
(translocon-associated protein beta) (SSR2),
MRNA

NM_205799.1 Bos taurus lysosomal protein transmembrang 4.01650; 4.00
alpha (LAPTM4A), mRNA

XM_602832.4 PREDICTED: Bos taurus similar to ribosomall 0.02472|  4.00
protein S19 (LOC524507), mRNA

NM 001098874.1 Bos taurus ribosomal protein S7 (RPS7), mRNA 0.035514.00

XM_864796.3 PREDICTED: Bos taurus adenylosuccinate | 0.00346| 3.84
synthase, transcript variant 3 (ADSS), mRNA

NM_001105374.1 Bos taurus protein arginine methyltransferase 5.02074, 3.84
(PRMT5), mRNA

NM_001046454.1 Bos taurus casein kinase 2, beta polypeptide| 0.04487| 3.84
(CSNK2B), mRNA

NM_001083725.1 Bos taurus heterogeneous nuclear 0.02938| 3.84
ribonucleoprotein D-like (HNRPDL), mRNA

XM_001249610.1 PREDICTED: Bos taurus similar to mitogen- | 0.00753| 3.84
activated protein kinase kinase kinase kinase j,
transcript variant 1 (MAP4K5), mRNA

XM _867454.3 PREDICTED: Bos taurus similar to 0.03659| 3.84
transmembrane anterior posterior transformation
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1 (TAPT1), mRNA

XM_606667.4 PREDICTED: Bos taurus similar to jumonji, AT0.04826| 3.84
rich interactive domain 2 protein, transcript
variant 6 (JARID2), mRNA

NM_001083515.1 Bos taurus transmembrane protein 87A 0.00219] 3.84
(TMEM87A), mRNA

NM_001075294.1 Bos taurus chromosome 20 open reading fram@.03967| 3.84
149 ortholog (C13H200rf149), mMRNA

NM_001035008.1 Bos taurus ribosomal protein L37a (RPL37A){ 0.01029] 3.70
MRNA

NM_001076070.1 Bos taurus 3-oxoacid CoA transferase 1 0.01278| 3.70
(OXCT1), nuclear gene encoding mitochondrial
protein, mMRNA

NM_001035445.1 Bos taurus ribosomal protein S4, Y-linked 2 | 0.01743] 3.70
(RPS4Y2), mRNA

XM_589329.4 PREDICTED: Bos taurus similar to 0.03715| 3.57
Chromosome 7 open reading frame 43
(LOC511902), mRNA

NM_001101231.1 Bos taurus splicing factor, arginine/serine-rich 8.01625  3.57
(SFRS4), mRNA

NM_001081587.1 Bos taurus ring finger protein 20 (RNF20), 0.01993| 3.57
MRNA

NM_174788.3 Bos taurus ribosomal protein, large, P2 0.01368| 3.57
(RPLP2), mRNA

XM _616885.4 PREDICTED: Bos taurus similar to membrane0.02783| 3.44
metallo endopeptidase (MME), mRNA

XM_869402.2 PREDICTED: Bos taurus similar to MYST 0.02918| 3.44
histone acetyltransferase (monocytic leukemia) 3
(LOC529373), mRNA

NM_001079777.1 Bos taurus hypothetical protein LOC526597 | 0.02754| 3.44
(LOC526597), mRNA

NM 001017950.2 Bos taurus follistatin-like 1 (FSTL1), mRNA 0.01569 3.44

NM_001046526.1 Bos taurus methionine adenosyltransferase Il,0.02552| 3.44
beta (MAT2B), mRNA

NM_001078043.1 Bos taurus zinc finger protein 75 (D8C6) 0.04206 3.44
(ZNF75), mRNA

NM_001076448.1 Bos taurus similar to HEAT repeat containing| 0.02203| 3.33
protein 1 (Protein BAP28) (LOC617204),
MRNA

NM_001012673.1 Bos taurus signal transducer and activator of| 0.00350,  3.33
transcription 5A (STAT5A), mRNA

NM 001037595.1 Bos taurus tetraspanin 31 (TSPAN31), mRNA 0.020733.33

XR_042784.1 PREDICTED: Bos taurus misc_RNA 0.01680 3.33
(LOC100141269), miscRNA

NM 001034294.1] Bos taurus valosin-containing protein (VCP), 0.00064 3.33
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MRNA

NM_001014928.1

Bos taurus ribosomal protein L7 (RPL7), mRN\

NA.04903

3.33

NM_001034502.1

Bos taurus actin, alpha 2, smooth muscle, ao
(ACTA2), mRNA

rt@.00339

3.33

XM_594391.4

PREDICTED: Bos taurus similar to G-protein
signaling modulator 3 (AGS3-like, C. elegans)
(GPSM3), mRNA

0.04637

3.22

NM_001015533.1

Bos taurus signal sequence receptor, beta
(translocon-associated protein beta) (SSR2),
MRNA

0.01268

3.22

NM_001015608.1

Bos taurus chloride intracellular channel 1
(CLIC1), mRNA

0.02809

3.22

NM_001105629.1

Bos taurus transmembrane and tetratricopept
repeat containing 4 (TMTC4), mRNA

ie00638

3.22

NM_001025339.1

Bos taurus ribosomal protein S24 (RPS24),
MRNA

0.04503

3.22

NM_001076831.1

Bos taurus collagen, type lll, alpha 1
(COL3A1), mRNA

0.02176

3.22

XM_870555.3

PREDICTED: Bos taurus similar to Splicing
factor, proline- and glutamine-rich
(Polypyrimidine tract-binding protein-associate
splicing factor) (PTB-associated-splicing facto
(PSF) (DNA-binding p52/p100 complex, 100
kDa subunit) (100 kDa DNA-pairing protein)
(hPOMp100 (SFPQ), MRNA

0.02566

d-
")

3.22

NM_001035280.1

Bos taurus chromosome 14 open reading frar
166 ortholog (C10H140RF166), mRNA

ne.01719

3.12

XM_874550.3

PREDICTED: Bos taurus ubiquitin C, transcri
variant 12 (UBC), mRNA

p0.03275

3.12

NM_001076000.1

Bos taurus dihydropyrimidinase-like 2
(DPYSL2), mRNA

0.00757

3.12

NM_001034666.1

Bos taurus AHA1, activator of heat shock
90kDa protein ATPase homolog 1 (yeast)
(AHSA1), mRNA

0.04169

3.12

NM_001077114.1

Bos taurus HIG1 domain family, member 1D
(HIGD1D), mRNA

0.00319

3.12

NM_001034335.1

Bos taurus KIAA0174 (KIAA0174), mRNA

0.0139

9

3.12

XM_588094.4

PREDICTED: Bos taurus spectrin, beta, non-
erythrocytic 1, transcript variant 1 (SPTBN1),
MRNA

0.03598

3.12

XM_001251796.1

PREDICTED: Bos taurus similar to Zinc finge
X-linked protein ZXDB (LOC783265), mRNA

ro.00169

3.12

XM_882704.3

PREDICTED: Bos taurus hypothetical
LOC617275 (CCDC72), mRNA

0.00325

3.00

NM_001034502.1

Bos taurus actin, alpha 2, smooth muscle, ao

r@.01898

(ACTA2), mRNA

3.00
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NM_001034746.1 Bos taurus coiled-coil-helix-coiled-coil-helix | 0.03301] 3.00
domain containing 9 (CHCHD9), mRNA

NM_001046593.1 Bos taurus coactosin-like 1 (Dictyostelium) | 0.03799] 3.00
(COTL1), mRNA

NM 001034222.1 Bos taurus nucleoporin 88kDa (NUP88), mRNA 0.02062 3.00

XM_600663.4 PREDICTED: Bos taurus nestin (NES), mRNA 0.01881 3.00

XM_001788124.1 PREDICTED: Bos taurus similar to cleavage | 0.00864| 3.00
stimulation factor subunit 3 (LOC613678),
MRNA

NM_174368.2 Bos taurus integrin, beta 1 (fibronectin receptp.02471| 3.00
beta polypeptide, antigen CD29 includes MDR2,
MSK12) (ITGB1), mRNA

XM_605970.4 PREDICTED: Bos taurus similar to tripartite | 0.00422| 2.94
motif protein TRIM4, transcript variant 1
(TRIM4), partial mMRNA

NM_174591.1 Bos taurus RAB guanine nucleotide exchange0.00449| 2.94
factor (GEF) 1 (RABGEF1), mRNA

NM_001034373.1 Bos taurus cytochrome P450, family 4, 0.00741 2.94
subfamily V, polypeptide 2 (CYP4V2), mMRNA

NM_001099206.1 Bos taurus myeloid cell leukemia sequence 1| 0.04033 2.94
(BCL2-related) (MCL1), mRNA

NM_001098070.1 Bos taurus O-linked N-acetylglucosamine 0.03993] 2.94
(GIcNAC) transferase (UDP-N-
acetylglucosamine:polypeptide-N-
acetylglucosaminyl transferase) (OGT), mMRNA

XM_001788858.1 PREDICTED: Bos taurus centrosomal protein) 0.03040 2.94
170kDa (CEP170), mRNA

XM_615128.3 PREDICTED: Bos taurus similar to Myosin-V| 0.00205| 2.94
(Unconventional myosin VI) (MYOG6), mRNA

NM_174310.3 Bos taurus eukaryotic translation initiation 0.00111| 2.85
factor 4E (EIF4E), mRNA

NM_001105474.1 Bos taurus prenylcysteine oxidase 1 (PCYOX1),02639, 2.85
MRNA

NM 174133.2 Bos taurus polyubiquitin (LOC281370), mRNA 0.00251 2.85

NM_001080738.1 Bos taurus leucine-rich repeats and calponin | 0.02023] 2.85
homology (CH) domain containing 4 (LRCH4)
MRNA

XM_864796.3 PREDICTED: Bos taurus adenylosuccinate | 0.03269] 2.85
synthase, transcript variant 3 (ADSS), mRNA

XM_585215.4 PREDICTED: Bos taurus similar to CG2943 | 0.04330] 2.85
CG2943-PA (LOC508439), mRNA

NM_001075135.1 Bos taurus similar to Putative ubiquitin- 0.00318 2.85
conjugating enzyme E2 D3-like protein
(UBE2D3P), mRNA

NM_001077113.1 Bos taurus chromosome 6 open reading frame0.00627| 2.77

130 ortholog (C23H60rf130), mMRNA
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XR_042605.1 PREDICTED: Bos taurus misc_RNA 0.02525 2.77
(CSF2RA), miscRNA

NM_001034277.1 Bos taurus splicing factor, arginine/serine-rich @,02041| 2.77
35kDa (SFRS7), mRNA

XM _584927.4 PREDICTED: Bos taurus SLAM family 0.03793 2.77
member 6 (SLAMF6), mMRNA

XM_879302.3 PREDICTED: Bos taurus eukaryotic translatio®.04119| 2.77
initiation factor 3, subunit A, transcript variant ¢
(EIF3A), mRNA

NM_ 174019.2 Bos taurus chondroadherin (CHAD), mRNA 0.03660 2.77

NM_001102122.1 Bos taurus signal sequence receptor, alpha | 0.03922| 2.70
(SSR1), mRNA

NM_001098982.1] Bos taurus coiled-coil domain containing 80 | 0.03248, 2.70
(CCDC80), mRNA

XR_027685.2 PREDICTED: Bos taurus misc_RNA 0.04354| 2.70
(LOC540561), miscRNA

NM_001099133.1 Bos taurus lactamase, beta (LACTB), nucleaf 0.01701) 2.70
gene encoding mitochondrial protein, mMRNA

NM_001083792.1 Bos taurus tetratricopeptide repeat domain 9C0.00364| 2.63
(TTCIOC), mRNA

NM_001015567.2 Bos taurus serine/threonine kinase receptor | 0.00971] 2.63
associated protein (STRAP), mRNA

NM_001033624.1 Bos taurus ribosomal protein S16 (RPS16), | 0.02779 2.63
MRNA

NM_001076970.1 Bos taurus G protein-coupled receptor 89 0.04322 2.63
(GPR89), mRNA

XM_582017.4 PREDICTED: Bos taurus similar to la related | 0.03818| 2.63
protein (LARP1), mRNA

NM_001035428.1 Bos taurus coiled-coil domain containing 47 | 0.00910] 2.63
(CCDC47), mRNA

NM_001098956.1 Bos taurus sorting nexin family member 27 | 0.03458 2.56
(SNX27), mRNA

NM_001113727.1 Bos taurus cationic trypsin (LOC780933), 0.04485| 2.56
MRNA

XM_615298.4 PREDICTED: Bos taurus similar to Exportin-T 0.01987| 2.56
(tRNA exportin) (Exportin(tRNA)) (XPOT),
MRNA

XM_866612.3 PREDICTED: Bos taurus similar to Rab5B, | 0.01137 2.56
transcript variant 3 (RAB5B), mRNA

NM_001045878.1 Bos taurus glycine amidinotransferase (L- 0.02772 2.56
arginine:glycine amidinotransferase) (GATM),
nuclear gene encoding mitochondrial protein,
MRNA

NM_174244.1 Bos taurus ATP synthase, H+ transporting, | 0.02371] 2.56

mitochondrial F1 complex, O subunit (ATP50

nuclear gene encoding mitochondrial protein,
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MRNA

XM_866403.3 PREDICTED: Bos taurus homeobox and leugi®01811) 2.56
zipper encoding, transcript variant 1 (HOMEZ),
MRNA

NM_001014389.2 Bos taurus H3 histone, family 3A (H3F3A), |0.01167 2.50
MRNA

XM_869563.3 PREDICTED: Bos taurus similar to karyopheri®.01118 2.50
beta 1, transcript variant 2 (KPNB1), mRNA

NM_174663.2 Bos taurus platelet-activating factor 0.01787| 2.50
acetylhydrolase, isoform Ib, alpha subunit 45kDa
(PAFAH1B1), mRNA

XR_042975.1 PREDICTED: Bos taurus misc_RNA 0.04409 2.50
(LOC784058), miscRNA

XM_597797.4 PREDICTED: Bos taurus similar to PDZ 0.02648 2.50
domain containing 8 (PDZD8), mMRNA

NM 001103278.1 Bos taurus splicing factor 4 (SF4), mRNA 0.02864 2.50

XM_001251494.2 PREDICTED: Bos taurus similar to Protein | 0.00193| 2.50
jagged-1 precursor (Jaggedl) (hJ1) (CD339
antigen) (JAG1), mRNA

NM_001081727.1 Bos taurus chloride intracellular channel 2 0.02756 2.50
(CLIC2), mRNA

NM_001076867.1 Bos taurus ubiquitin specific peptidase 16 0.02283 241
(USP16), mRNA

XM_001254235.2 PREDICTED: Bos taurus similar to Tubulin, | 0.02604| 2.41
alpha 1, transcript variant 1 (LOC787568),
MRNA

NM_001098131.1 Bos taurus ribosomal protein L22-like 1 0.04917| 241
(RPL22L1), mRNA

NM_001102531.1 Bos taurus RAP2B, member of RAS oncogene).01492 241
family (RAP2B), mRNA

XM_584555.4 PREDICTED: Bos taurus similar to nuclear po@04555 241
complex-associated protein TPR, transcript
variant 1 (TPR), mRNA

XM _580963.3 PREDICTED: Bos taurus similar to TBP- 0.01076 2.41
associated factor 1 (TAF1), mRNA

NM_001034398.1 Bos taurus solute carrier family 29 (nucleoside0.04353| 2.41
transporters), member 1 (SLC29A1), nuclear
gene encoding mitochondrial protein, mMRNA

NM_001075121.1 Bos taurus eukaryotic translation elongation | 0.01478| 2.41
factor 2 (EEF2), mRNA

NM_001046594.1 Bos taurus pituitary tumor-transforming 1 0.01913] 241

interacting protein (PTTG1IP), mRNA

176




XM_864599.3 PREDICTED: Bos taurus similar to splicing | 0.00418 241
factor, arginine/serine-rich 12, transcript variant
2 (SFRS12), mRNA

NM_001034528.1] Bos taurus transmembrane protein 86B 0.04554| 2.38
(TMEM86B), mRNA

XM_001249420.1 PREDICTED: Bos taurus similar to jumonji | 0.02585| 2.38
domain containing 1C, transcript variant 2
(JMJD1C), mRNA

XM_001250793.21 PREDICTED: Bos taurus similar to small 0.04243 2.38
nuclear ribonucleoprotein polypeptide G
(SNRPG), mRNA

NM_001100319.1 Bos taurus ubiquitin specific peptidase 4 (protd.03189 2.38
oncogene) (USP4), mRNA

NM_001034504.1 Bos taurus high mobility group nucleosomal | 0.01764 2.38
binding domain 3 (HMGN3), mRNA

NM_001076219.1 Bos taurus Yipl domain family, member 3 0.03889 2.32
(YIPF3), mRNA

NM 001076104.1 Bos taurus nuclear factor I/B (NFIB), mRNA 0.00833 2.32

NM_001101198.1 Bos taurus chromobox homolog 3 (HP1 gamm@.02541| 2.32
homolog, Drosophila) (CBX3), mRNA

NM_174778.1 Bos taurus ribosomal protein S27a (RPS27A),0.02806| 2.32
MRNA

XM_617685.4 PREDICTED: Bos taurus similar to tousled-liked.02889 2.32
kinase 1 (TLK1), mRNA

NM_001038647.1 Bos taurus transmembrane protein 57 0.00809 2.27
(TMEM57), mRNA

NM_001037142.1 Bos taurus catenin, beta interacting protein 1| 0.04481 2.27
(CTNNBIP1), mRNA

NM_001034674.1 Bos taurus ribosomal protein L14 (RPL14), |0.01643] 2.27
MRNA

NM_205799.1 Bos taurus lysosomal protein transmembrang 8.03764| 2.27
alpha (LAPTM4A), mRNA

NM_001002883.2 Bos taurus ST3 beta-galactoside alpha-2,3- | 0.03361 2.27
sialyltransferase 6 (ST3GAL6), mRNA

XM_001788161.1 PREDICTED: Bos taurus similar to putative | 0.00966| 2.22
utrophin (LOC534358), mRNA

XM_865008.3 PREDICTED: Bos taurus similar to Protein | 0.00857 2.17
LAP2 (Erbb2-interacting protein) (Erbin)
(Densin-180-like protein), transcript variant 3
(ERBB2IP), mRNA

XM _594174.3 PREDICTED: Bos taurus NOL1/NOP2/Sun | 0.01622| 2.12
domain family, member 2 (NSUNZ2), mRNA

XM_590469.4 PREDICTED: Bos taurus similar to RAS 0.01531] 2.12

protein activator like 1 (GAP1 like) (RASALL),

MRNA
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XM_591153.4 PREDICTED: Bos taurus similar to pleckstrin| 0.02690 2.12
homology domain containing, family B
(evectins) member 2 (LOC513469), mRNA

NM_001046142.1 Bos taurus general transcription factor 11B 0.01959| 2.12
(GTF2B), mRNA

NM_001076113.1 Bos taurus ribosomal modification protein 0.01976| 2.08
rimK-like family member B (RIMKLB), mRNA

NM_001034360.1 Bos taurus dolichyl-phosphate 0.04680 2.08
mannosyltransferase polypeptide 3 (DPM3),
MRNA

NM_001099859.1 Bos taurus eukaryotic translation initiation 0.03340; 2.04
factor 4 gamma, 2 (EIF4G2), mRNA

NM_001034421.1 Bos taurus RAB5-interacting protein (RIP5), | 0.03586| 2.04
MRNA

NM_001075982.1 Bos taurus MAPK scaffold protein 1 0.02002| 2.04
(MAPKSP1), mMRNA

XR_027860.2 PREDICTED: Bos taurus misc_RNA 0.02833] 2.00
(LOC510487), miscRNA

NM_001040516.1 Bos taurus ribosomal protein L19 (RPL19), | 0.03902] 2.00
MRNA

NM_001015640.2 Bos taurus myosin regulatory light chain 0.01077| 2.00
MRCL3 (MRCL3), mRNA

NM_001075983.1 Bos taurus matrix metallopeptidase 19 0.00020; -2.12
(MMP19), mRNA

XR_028120.2 PREDICTED: Bos taurus misc_RNA 0.00054| -2.08
(LOC518495), miscRNA

XM_866155.3 PREDICTED: Bos taurus similar to proline- | 0.00105] -2.26
serine-threonine phosphatase interacting protein
1, transcript variant 2 (PSTPIP1), mRNA

NM_001075540.1 Bos taurus hydroxyacylglutathione hydrolase; 0.00182, -2.24
like (HAGHL), mRNA

NM_001035088.1] Bos taurus dehydrogenase/reductase (SDR | 0.00284| -2.02
family) member 11 (DHRS11), mRNA

NM_001045884.2 Bos taurus adaptor-related protein complex 1,0.00341| -2.27
mu 1 subunit (AP1M1), mRNA

XR_027682.2 PREDICTED: Bos taurus misc_RNA 0.00343| -2.06
(LOC509550), miscRNA

NM_001024514.1 Bos taurus zinc finger, CCCH-type with G patcb.00368| -2.18
domain (ZGPAT), mRNA

XM_001250409.1 PREDICTED: Bos taurus similar to Eukaryoti¢ 0.00413| -2.70

translation initiation factor 4E type 2 (elF4E ty
2) (elF-4E type 2) (mRNA cap-binding protein
type 3) (Eukaryotic translation initiation factor
4E-like 3) (Eukaryotic translation initiation
factor 4E homologous protein) (mR (EIF4E2),
MRNA

pe
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NM_001101280.1

Bos taurus TNF receptor-associated factor 4
(TRAF4), mRNA

0.00430

-2.12

XM_864253.3

PREDICTED: Bos taurus similar to erythroid
differentiation-related factor 1, transcript varia
2 (LOC534065), mRNA

0.00525
nt

-2.61

XM_618409.4

PREDICTED: Bos taurus similar to glycine N+
methyltransferase, transcript variant 1 (GNMT]
MRNA

0.00530

-2.29

XM_001254499.2

PREDICTED: Bos taurus similar to NCK

interacting protein with SH3 domain, transcript

variant 1 (NCKIPSD), mRNA

0.00785

-2.24

XM_001253142.1

PREDICTED: Bos taurus similar to Kinase
suppressor of Ras 2 (hKSR2) (LOC784995),
MRNA

0.00861

-2.05

NM_001075134.1

Bos taurus glycine C-acetyltransferase (2-
amino-3-ketobutyrate coenzyme A ligase)
(GCAT), nuclear gene encoding mitochondrial
protein, mMRNA

0.00875

-2.07

NM_001080288.1

Bos taurus solute carrier family 13 (sodium-
dependent dicarboxylate transporter), membe
(SLC13A3), mRNA

0.00929
r3

-2.00

XM_001788131.1

PREDICTED: Bos taurus similar to cytochron
P450, family 2, subfamily J (LOC100140018),
MRNA

1©.01023

-2.21

XM_580939.4

PREDICTED: Bos taurus similar to solute
carrier family 25, member 28 (LOC538529),
mMRNA

0.01047

-2.42

NM_001103286.1

Bos taurus glyceronephosphate O-
acyltransferase (GNPAT), mRNA

0.01157

-2.13

XM_001790246.1

PREDICTED: Bos taurus obscurin-like 1
(OBSL1), mRNA

0.01448

-2.09

NM_001075629.1

Bos taurus procollagen C-endopeptidase
enhancer 2 (PCOLCE2), mRNA

0.01504

-2.46

NM_001083394.1

Bos taurus lipolysis stimulated lipoprotein
receptor (LSR), mRNA

0.01515

-2.04

NM_001024487.1

Bos taurus peptidase inhibitor 16 (P116), mRN\

VA 0.01

b37-2.11

XM_864270.2

PREDICTED: Bos taurus similar to Interferon
inducible protein (LOC613464), mMRNA

-0.01577

-2.20

XM_587039.3

PREDICTED: Bos taurus complement
component 1, g subcomponent, C chain,
transcript variant 1 (C1QC), mRNA

0.01715

-2.32

XM_001789528.1

PREDICTED: Bos taurus similar to
Serine/threonine-protein kinase LMTKS3
precursor (Lemur tyrosine kinase 3)
(LOC100140306), partial mMRNA

0.01734

-2.04

NM_001076378.1

Bos taurus aquaporin 7 (AQP7), mRNA

0.017%

[95-2.15
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XM_618475.4 PREDICTED: Bos taurus similar to Src 0.01810[ -2.53
homology 2 domain containing adaptor protein B
(SHB), MRNA

XM _591615.4 PREDICTED: Bos taurus similar to TBC1 0.01869| -2.25
domain family, member 10B, transcript variant 1
(TBC1D10B), mRNA

NM_001076830.1 Bos taurus Rho GTPase activating protein 10 0.01914| -2.18
(ARHGAP10), mRNA

XM_867736.3 PREDICTED: Bos taurus similar to EPB41L1| 0.02015| -2.32
protein, transcript variant 2 (EPB41L1), mRNA

NM 001114976.1 Bos taurus selenoprotein N, 1 (SEPN1), mRNA 0.021582.01

XM_864753.3 PREDICTED: Bos taurus similar to Potassium0.02162| -2.32
transporting ATPase subunit beta (Proton pump
beta chain) (Gastric H(+)/K(+) ATPase subunit
beta) (gp60-90), transcript variant 1 (ATP4B),
MRNA

NM_001102351.1 Bos taurus butyrophilin-like 2 (MHC class Il | 0.02321| -2.48
associated) (BTNL2), mRNA

NM_001110445.1 Bos taurus Purkinje cell protein 4 like 1 0.02385 -2.15
(PCP4L1), mRNA

NM_001040486.1 Bos taurus solute carrier family 38, member 3 0.02393| -2.03
(SLC38A3), mRNA

NM_181028.2 Bos taurus cellular retinoic acid binding prote{r0.02453| -2.66
1 (CRABP1), mRNA

NM_001075598.2 Bos taurus DDHD domain containing 2 0.02515| -2.58
(DDHD2), mRNA

NM 001034697.1 Bos taurus tubulin, beta 4 (TUBB4), mRNA 0.02585 -2.97

XM_617909.4 PREDICTED: Bos taurus similar to PHD finger0.02640, -2.82
protein 2 (PHF2), mRNA

XR_028567.2 PREDICTED: Bos taurus misc_RNA 0.02667| -2.17
(LOC615842), miscRNA

XR_028705.2 PREDICTED: Bos taurus misc_RNA 0.02709] -2.00
(LOC507766), miscRNA

NM_001143862.1 Bos taurus LSM7 homolog, U6 small nuclear| 0.02782| -2.23
RNA associated (S. cerevisiae) (LSM7), mRNA

NM_174251.1 Bos taurus biliverdin reductase B (flavin 0.02817| -3.11
reductase (NADPH)) (BLVRB), mRNA

NM 001046021.1 Bos taurus CD1b molecule (CD1B), mRNA 0.02830-3.04

NM_001102295.1 Bos taurus transmembrane 6 superfamily 0.02853| -2.37
member 1 (TM6SF1), mRNA

NM_175808.2 Bos taurus cleavage and polyadenylation 0.02982| -2.54
specific factor 2, 100kDa (CPSF2), mRNA

NM_001102212.1 Bos taurus triple functional domain (PTPRF | 0.02988| -2.01
interacting) (TRIO), mRNA

NM_001103183.1 Bos taurus polymerase (DNA-directed), delta] 0.02993| -2.01

interacting protein 3 (POLDIP3), mRNA
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NM_001098972.1 Bos taurus G patch domain containing 3 0.03019| -2.53
(GPATCH3), mRNA

NM_001100337.1 Bos taurus exostoses (multiple)-like 1 (EXTL1)).03020] -2.19
MRNA

NM_174277.2 Bos taurus clathrin, light polypeptide B (light | 0.03088] -2.18
chain B) (CLTLB), mRNA

NM_001114513.1 Bos taurus chromosome 10 open reading fram@03138, -2.04
116 ortholog (C28H100RF116), mRNA

NM_001024549.2 Bos taurus Ras association (RalGDS/AF-6) | 0.03163| -2.46
domain family (N-terminal) member 8
(RASSF8), mRNA

NM_001098037.1 Bos taurus RecQ protein-like 4 (RECQL4), |0.03181] -2.05
MRNA

XM_873628.2 PREDICTED: Bos taurus similar to UDP 0.03263| -2.02
glucuronosyltransferase 2 family, polypeptide
B4, transcript variant 2 (UGT2B4), mRNA

XM_870302.2 PREDICTED: Bos taurus similar to interleukin 0.03277| -2.36
21 receptor (IL21R), mRNA

NM_001110004.1 Bos taurus HECT, UBA and WWE domain | 0.03281| -2.57
containing 1 (HUWE1), mRNA

NM_001079649.1 Bos taurus cysteine-rich protein 2 (CRIP2), | 0.03336| -2.08
MRNA

NM_001081609.1 Bos taurus transmembrane emp24 protein 0.03466| -2.56
transport domain containing 3 (TMED3), mRNA

NM_001144082.1 Bos taurus DAB2 interacting protein (DAB21P)0.03508| -2.38
MRNA

NM_ 173991.2 Bos taurus apolipoprotein E (APOE), mRNA 0.03818-2.03

NM_001102068.1] Bos taurus phosphodiesterase 7B (PDE7B), | 0.03837| -2.52
MRNA

XM _875593.2 PREDICTED: Bos taurus similar to chloride | 0.04025] -2.01
channel 3, transcript variant 4 (CLCN3), mRNA

XM_865879.2 PREDICTED: Bos taurus myosin, heavy chain0.04045| -3.12
8, skeletal muscle, perinatal, transcript variant 2
(MYH8), mRNA

XR_027344.2 PREDICTED: Bos taurus misc_RNA 0.04137| -2.16
(LOC781850), miscRNA

NM_001034792.1 Bos taurus suppressor of Ty 4 homolog 1 (S.| 0.04173] -2.05
cerevisiae) (SUPT4H1), mRNA

NM_001075302.1 Bos taurus heat shock 105kDa/110kDa prote{r0104238| -3.11
(HSPH1), mRNA

NM_001045877.1 Bos taurus bone morphogenetic protein 4 0.04262| -2.26
(BMP4), mRNA

NM_001075834.1 Bos taurus nicotinamide nucleotide 0.04279| -2.20
adenylyltransferase 1 (NMNAT1), mRNA

NM_001046552.1] Bos taurus chromosome 20 open reading fram@.04398| -2.19

196 ortholog (C13H200rf196), mMRNA
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NM_001083525.1 Bos taurus GTPase activating Rap/RanGAP | 0.04535] -2.01
domain-like 1 (GARNL1), mRNA

XM_604345.4 PREDICTED: Bos taurus matrix 0.04552| -2.02
metallopeptidase 16 (membrane-inserted)
(MMP16), mRNA

NM_174627.1 Bos taurus TYRO protein tyrosine kinase 0.04845| -3.13
binding protein (TYROBP), mRNA

XM_588427.3 PREDICTED: Bos taurus similar to cell divisior9.04958| -3.13
cycle 2-like 5, transcript variant 3 (CDC2L5),
MRNA

XM _871071.2 PREDICTED: Bos taurus similar to deleted in| 0.04960| -2.23
lung and esophageal cancer 1 (DLEC1), mRNA
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Appendix Table 5. The 387 genes (partial list) enriched in LRECb vs. ECb and their
general functional category.

Functional
category

Genes

Cancer (75)

ABP1, ADH1C, ATP8B1, BAMBI, BRAF, CASP1, CCR4, CD33,
CD3E, CD8A, CDK6, CPA4, CXCR4, DNM1L, DPYD, DRD2, EXO]
FAM134B, FAM149B1, FGF1, FGF2, FGF10, FLII, FST, FXYD3,
GCH1, GRINL1A, HAVCR1, HDACY7, HIF1A, HNF4A, HPGD, HRH]
HSD17B6, IGFBP1, ISOC1, KIF20B, KLHL20, KNG1, LAMC2,
LMBRD1, MAPKS8, MAPT, MORC2, MRVI1, MSH6, MSMB,
MYD88, NLGN1, NRIP1, NUP107, OSMR, PLAT, PLG, PPP1R3C,
PPPDE1, PRKCB, PSAT1, RBM15, REV3L, RGS1, RGS4, RPS11,
RTN1, SAT2, SDPR, SERPINA3, SOSTDC1, TCN1, TERF1, TNNT|
TUBE1, UBE2D1, WEE1, ZC3H13

Inflammatory
disease (82)

ACTAL, AGPS, AK5, ASB7, ATP8B1, AUH, C120RF35, C130RF3
C1QTNF6, C1QTNF7, C90RF150, CASP1, CCDC11, CCL8, CCRA
CD33, CD3E, CD8A, CDK6, CELA2A, COL4A3, CTNS, CXCR4,
CYFIP1, DPYD, DRD2, EAF1, ESD, F5, FAM69A, FETUB, FGF2,
FGF10, GBA3, GCA, GLIPR2, GLRB, HAVCR1, HDAC7, HLA-
DQA2, HPGD, HRH1, JARIDZ2, KIAA0247, KLHL20, KLRB1, KNG1
KYNU, LAMC2, LUZP2, MAGI1, MAN2A1, MAPT, MBOAT1,
MYD88, NLGN1, NMT2, NR5A2, NT5C3, NUP153, OSMR, PAM,
PLAT, PLEKHAZ, PLG, PLXDC2, PPA1, PRKCB, PWP1, RAMP1,
RSBN1, S100A12, SERPINAS, SLC25A24, SPAG1, TAOKS, TCF1
TMEM156, TUBE1, USP15, ZNF605, ZNF639

Cellular
growth and
proliferation
(49)

AGPS, ATP5A1, BRAF, CASP1, CASR, CD33, CD3E, CD8A, CDK
COL4AS, CRTAM, CXCR4, CYP2C9, DRDZ2, FGF1, FGF2, FGF10,
FST, GCNT1, GNE, GRB14, HAVCR1, HDACY, HIF1A, HNF4A,
HPGD, HRH1, IGFBP1, IL22RA1, KNG1, LATS1, MAPKS, MAPT,
MSMB, MYD88, MYH14, NFE2, NRIP1, NT5C3, PLAT, PLG,
PRKCB, RGS4, RGS16, SIRT1, SIRT2, SYNM, TCF12, TERF1

Organism
Survival (30)

ADH1C, BRAF, BRD4, CASP1, CASR, CCR4, CD3E, CD8A, CDKg

COL4A3, CXCR4, DRD2, FGF2, FLIl, GCH1, HIF1A, HRH1, LTBP2

MANZ2A1, MAPKS8, MEF2C, MSH6, MYD88, NCAPG2, NFEZ2,
NR5A2, PLAT, PLG, REV3L, TCF12

CellCycle | ASPM, BRAF, BRD4, CD320, CD3E, CDK6, CKAP2, CLIP1, CSE1

(29) DNMLL, FGF1, FGF2, FGF10, HAVCR1, HIF1A, HPGD, JARID2,
KIF20B, KNG1, LATS1, MAPKS, MYH14, PLG, PPP2R3A, PRKCB
RECQL, SIRT1, TERF1, WEE1

Post- CASP1, CD33, CD3E, CD8A, CDK6, CLPX, CSRP2BP, DUSP11,

Translational | DUSP12, ERCCS8, FGF1, FGF2, KNG1, MAPT, MTMR7, NMT2,

Modification | PAM, PLAT, PPEF1, SIRT1, SIRT2, ST3GAL6, SULT1B1, UBE2D]

(25) WWP1

Cell signaling

CASR, CCL8, CCR4, CD3E, CD8A, CXCR4, DRD2, FGF1, FGF2,
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(16)

HNF4A, KNG1, MAPT, MRVI1, PLG, PRKCB, RGS1

Angiogenesis
(14)

COL4A3, CXCR4, DRD2, FGF1, FGF2, FGF10, GCH1, HIF1A,
KLHL20, KNG1, MEF2C, PLAT, PLG, RBM15

Cell death (9)

ALDH3B1, CASP1, CASR, MAPKS8, MAPT, PKN2, RGS4, SIRTZ,
TCF12

Cell-to-cell
signaling &
adhesion (11)

COL4A3, FGF1, FGF2, KNG1, PLG, CASR, CD8A, MAN2A1, PKN2

CDS3E, HAVCR1
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Appendix Figure 2. IPA figure legend

Symbols and relationships depicted in IPA networks.
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Appendix Table 6. Transcripts of cell surface protein that were upregulatedRECb

vs. ECDb

(*All genes listed are expressed at higher level in LRECDb)

Symbol Gene name Fold
change*
SAT2 Spermidine/spermine N1-acetyltransferase family 4.34
member 2
IL22RA1 | Interleukin 22 receptor, alpha 1 4.34
CXCR4 Chemokine (C-X-C maotif) receptor 4 4
SDPR Serum deprivation response 3.57
RTP3 Receptor (chemosensory) transporter protein 3 3.44
RGS1 Regulator of G-protein signaling 1 3.33
CRB1 Crumbs homolog 1 (Drosophila) 3.22
CASR Calcium-sensing receptor 3.12
DRD2 Dopamine receptor D2 3.12
HAVCR1 | Hepatitis A virus cellular receptor 1 3.12
GNGT1 Guanine nucleotide binding protein (G protein), gamma.94
transducing activity polypeptide 1
RARRES1 | Retinoic acid receptor responder (tazarotene induced) 1  2.94
CCR4 Chemokine (C-C motif) receptor 4 2.77
FXYD3 FXYD domain containing ion transport regulator 3 2.7
GRB14 Growth factor receptor-bound protein 14 2.63
GLRB Glycine receptor, beta 2.56
F5 Coagulation factor V (proaccelerin, labile factor) 2.56
ATP8B1 | ATPase, class I, type 8B, member 1 2.56
CD8A CD8A molecule 2.5
MAGI1 Membrane associated guanylate kinase, WW and PD2.43
domain containing 1
NLGN1 Neuroligin 1 2.38
P2RY14 Purinergic receptor P2Y, G-protein coupled, 14 2.38
LAPTM5 | Lysosomal protein transmembrane 5 2.38
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