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KEY POINTS

e Gene expression studies have examined many different induction models of the disease
and a few sets of naturally occurring cases.

e Most mechanisms to initiate laminitis, whether experimental or naturally occurring, involve
some aspects of cell stress, epidermal activation, and a sterile autoinflammatory cycle.

e Laminitis resembles many other types of organ failure, in which the wound healing
response and fibrosis disrupt the ability to regenerate tissue function. In this case, the deli-
cate structure of the secondary epidermal lamellae are affected.

e Genomics tools offer the potential to improve our understanding of the laminitis disease
process.

INTRODUCTION

Laminitis, acommon and crippling foot disease of equids and other ungulates, is asso-
ciated with microanatomical and molecular lesions of the epidermal and dermal
lamellae that can progress to structural failure of the suspensory apparatus of the
distal phalanx (SADP) and dysplastic changes in the hoof and underlying tissues.’™
The 3 major types of laminitis are endocrinopathic laminitis (EL), sepsis-associated
laminitis (SL), and laminitis in the limb contralateral to a reduced weight-bearing ortho-
pedic condition, also called supporting limb laminitis (SLL). EL is the most common
form of the disease,®® occurring in horses and ponies with obesity, equine metabolic
syndrome (EMS), and pituitary pars intermedia dysfunction, often in association with
grazing pasture rich in nonstructural carbohydrate.”™® The major risk factor in these
cases appears to be hyperinsulinemia (HI)'® and the prolonged euglycemic-HI clamp
is an established acute experimental model for EL."""'? The experimental models for
SL include the oligofructose (OF), and carbohydrate overload (CHO), models and
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the black walnut extract (BWE) models.’® "> An experimental model for SLL was
recently developed by Gardner and colleagues.'® The relevance of these models to
naturally occurring disease is difficult to determine because of the relative lack of
studies of these cases and differences in timing and disease stage at time of
euthanasia.

Laminitis is an extremely complex disease that includes pathologies of multiple tis-
sues of the foot and can more accurately be thought of as a disease of organ dysfunc-
tion or failure. Failure of the SADP is a primary and characteristic feature, with variable
primary and secondary epidermal, dermal, vascular, and bone pathology at both
acute and chronic stages.*'” Epidermal pathologies are grossly evident as the
lamellar wedge, composed of the abnormal hyperplastic and acanthotic epidermal tis-
sue that forms between the hoof wall and laminitic dermal-epidermal lamellar inter-
face® and histologically as epidermal dysplasia, metaplasia, loss of cell-cell and
cell-matrix adhesion, hyperplasia, apoptosis, and necrosis.* Dermal pathology is
apparent histologically as dermal activation (enlarged myofibroblast nuclei), dermal
fibrosis, and loss of dermal integrity (gaps and clefts) and biochemically as degrada-
tion of epithelial basement membrane and dermal connective tissues through matrix
metalloproteinase (MMP)activity, probably secondary to inflammatory leukocyte infil-
tration and apparently a late event in Hi-induced experimental laminitis.®'® With few
exceptions, most of our knowledge of the molecular events of laminitis pathogenesis
are derived from studies involving predetermined investigative targets based on dis-
ease processes in other tissues and species.

Among all equine diseases, laminitis presents the perfect storm of diverse etiol-
ogies, rapid and/or insidious progression, treatment resistance (lack of targeted treat-
ment), and often irreversible damage. Genomics offers a suite of tools aimed at gene
expression and trait mapping, as well as functional annotation key for enabling other
approaches like proteomics and immunohistochemistry.?® This article reviews the
contributions of those studies to our understanding of signaling processes involved
in laminitis pathogenesis and how broader discovery-mode approaches have been,
or can be, applied to laminitis pathogenesis as a necessary basis for the development
of improved laminitis diagnosis, treatment, and prevention.

Altered Proteostasis

Maintenance of the normal proteome, the set of expressed proteins in a cell or tissue
necessary for its physical phenotype and physiologic function, involves cellular pro-
cesses encompassing the initial synthesis of nascent proteins; the appropriate folding,
transport, and secretion of mature proteins; and the degradation (and recycling) of
damaged and redundant proteins within the cell. Lamellar proteins of particular inter-
est for the maintenance of the SADP, due to their importance in epithelial and dermal
tissue integrity, include cytoskeletal, adhesion complex, and extracellular matrix pro-
teins. Termed proteostasis, this process is highly relevant to aging and disease. The
following are cellular processes that maintain proteostasis and are associated with
disease when they fail:

1. Endoplasmic reticulum (ER) stress-induced unfolded protein response (UPR)
2. The ubiquitin-proteasome system (UPS)
3. Autophagy

These functions are influenced by nutrient status, growth hormone, insulin/insulin-
like growth factor (IGF)-1 and mammalian target of rapamycin (mTOR) (all pro-
growth) signaling pathways, as well as inflammation. The footprint of these processes
can be detected in the gene expression of lamellar tissues in crisis.
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The most common trigger for naturally occurring laminitis is endocrinopathies that
cause hyperinsulinemia, primarily EMS, but also pituitary pars intermedia dysfunc-
tion.>%21 Administration of exogenous insulin, sufficient to induce acute hyperinsuli-
nemia, will induce laminitis in experimental settings, suggesting that insulin itself
can initiate laminitis pathogenesis.'"'2 Hyperinsulinemia is now well established as
the primary risk factor for naturally occurring EL."7??72% Anabolic signaling mecha-
nisms and pro-growth pathways are likely triggered by hyperinsulinemia.?® Yet, the
underlying molecular connections between insulin-driven growth signaling and result-
ing lamellar pathologies are poorly understood.

Exposure to a diet high in nonstructural carbohydrates will drive up circulating insu-
lin concentrations, especially in obese individuals, and concurrently increase the num-
ber of insulin receptor-bearing endothelial cells in the lamellae, but not in lamellae
themselves.®® Epithelial proliferation is one likely consequence of IGF-1R activation,?®
yet destabilization by excessive expansion of epithelium does not explain loss of
integrity and lamellar damage observed in EL. In fact, the epidermal lamellae do not
express the insulin receptor,?”-?8 leading to the assumption that the insulin effect is
mediated through IGF-1R. However, one study shows that the lamellar IGF-1R have
a lower affinity for insulin and the insulin effect might therefore be indirect (eg, vascular
effect) or through a direct effect on lamellar epidermal cells mediated through another
receptor.?” The lesions that contribute to failure of the SADP might be better explained
by epidermal stress and activation in response to excessive anabolic stimulation or in
response to damage and stress mediators originating from insulin-responsive
tissues.29-30

The signaling pathway responsible for transmitting these anabolic triggers is not
obvious, as there is significant overlap among downstream messengers for insulin
resistance (IR), IGF-1R, and other growth factor and inflammatory mediators. The
mitogen-activated protein kinase (MAPK) pathway seems a likely candidate, sup-
ported by increased activated ERK 1/2 and stress-activated protein kinase/Jun
amino-terminal kinase (SAPK/JNK) following experimental induction of laminitis by
the CHO model.®! Yet this same study observed activation of this pathway to similar
levels in the affected and unaffected (cryoprotected) limbs from the same horse
following oligofructose induction of laminitis.

Evidence from the diet-induced and exogenously administered hyperinsulinemic Hl
experimental models®® and the oligofructose overdose OF model®? implicate mTORC.
Cell stress, regardless of the initiator, activates interconnected stress response path-
ways such as ER stress/UPR, autophagy (mTORC71 suppresses autophagy),
apoptosis, and the antioxidant response.®® Given the evidence supporting a role for
mTORC1 and IGF-1R in both experimental and naturally occurring laminitis, finding
the remaining molecular connections between these 2 signaling pathways will be
important to understand the earliest triggers of lamellar degradation.

The circulation of nutrients to the foot is of paramount importance to healthy func-
tion of the tissues within. Remarkably, even while at rest, the glucose consumption of
the 4 hooves of the horse surpasses that of the head, and is presumably required to
maintain the cytoskeletal, adhesion complex, and extracellular matrix proteins neces-
sary for the integrity of a tissue subjected to high mechanical stress.>* In the case of
SLL, decreased cyclic loading negatively impacts lamellar capillary perfusion.®®
Mimicking this loss of perfusion by application of a shoe that reduces normal
weight-bearing and cyclic loading decreases nutrient delivery to the contralateral
foot.'® Deprivation of glucose alone triggered the loss of lamellar adhesion in an
in vitro cultured lamellar explant study.>® Finally, glucose uptake in lamellae is likely
mediated by the insulin-independent GLUT1, rather than the insulin-dependent
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GLUT4, as the latter is undetectable in this tissue by quantitative polymerase chain re-
action (qPCR).%” Cellular starvation is a well-documented cause of ER stress and the
UPR, which in turn triggers upregulation of ubiquitin/proteasome and autophagy path-
ways intended to recycle vital nutrients from organelles and proteins or, if it is pro-
longed and exceeds these compensatory responses, leads to apoptosis.>®

Alternately, chronic overstimulation of anabolic pathways in lamellar tissue, as in EL,
likely results in ER stress and activation of the UPR, contributing to the resulting tissue
pathology, as it does in human metabolic diseases.®® ER stress is triggered when the
synthesis of new membrane and/or secreted proteins overwhelms the protein folding
capacity within the ER lumen. Misfolded proteins are detected by 3 sensors in the ER
membrane, which initiate the UPR signaling that results in increased synthesis of ER
chaperones and other proteins required for protein folding in the ER and other mech-
anisms to restore proteostasis. Prolonged ER stress and UPR can lead to apoptosis if
cell homeostasis is not restored.®84%=? |t s also quite possible that the cell’s attempts
to restore proteostasis by decreasing protein synthesis and autophagic recycling
weaken the mechanical integrity of lamellar tissue if these processes result in the
loss of keratin cytoskeleton and adhesion complex proteins.

Gene expression changes support the involvement of ER stress/UPR in laminitis
pathogenesis as following experimental induction by administration of BWE, key ER
stress/UPR markers XBP1, BiP, and Grp94 are all upregulated.*® Grp94 is also
increased specifically within laminar basal epithelial cells postinduction of laminitis
by CHO.** These gene expression changes are mirrored in the protein content of
tissues from naturally occurring cases of laminitis. Cassimeris and colleagues®®
observed increased expression of the same 3 markers of ER stress (XBP1s, BiP/
Grp78, and Grp94) in affected front limbs compared with either unaffected hind
limbs from the same horses or feet from age-matched nonlaminitic controls. ER
stress/UPR does not function independently of the larger signaling circuit that con-
tributes to laminitis pathogenesis. As illustrated in Fig. 1, the UPR counters the pro-
tein anabolic signaling mediated by the mTORC1 pathway and ER stress can
activate mTORC1 signaling via an ATF6a/PI3K/AKT pathway.“® Crosstalk between
these pathways maintains proteostasis but results in disease when they cannot
restore this balance. Both mTORC1 and ER stress/UPR are affected by anabolic
signaling through IGF-1R and other growth factor pathways and both can
contribute to inflammation.*”-*® Crosstalk between mTORC1 and ER stress/UPR
signaling also determines whether a cell undergoes the cannibalistic process of
autophagy and activation of ER-associated protein degradation (ERAD)/UPS to
replenish nutrients and survive or undergoes the programmed cell death process
of apoptosis.>® All of these processes could contribute to laminitis pathogenesis.
Increased numbers of apoptotic cells or alive but compromised lamellar epidermal
cells with decreased cytoskeletal and adhesion protein complexes can both reduce
epithelial integrity.

In the epidermal lamellae, as in other epidermal-derived epithelia, keratin filaments
interact with desmosomes and hemidesmosomes to integrate and provide mechan-
ical stability to epithelial tissues.*® Mouse keratin knockout studies have demon-
strated that keratins are crucial for the maintenance of epithelial and cellular
integrity in response to mechanical stress.®° Equine hoof lamellae express novel ker-
atin isoforms that may be particularly suited to this mechanical function.®' Histo-
pathological studies of lamellar tissue associates changes in lamellar cell size and
shape with laminitis that would be the expected outcome of keratin degradation
by autophagy and other cell stress responses during laminitis pathogenesis,
although further study is needed to confirm this.*>52:5 Disturbed proteostasis,
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Fig. 1. A model for the central role of proteostasis in laminitis pathogenesis. The mTORC1
and ER stress/lUPR pathways have opposing roles in the maintenance of proteostasis that
could determine the function and survival of lamellar epidermal cells. Mechanisms that pro-
mote the degradation, recycling, and processing of excess misfolded proteins, the UPR,
ERAD through the UPS, autophagy, and, ultimately, if these mechanisms chronically fail to
restore proteostasis, apoptosis, are all activated by ER stress/UPR. In contrast, mTORC1 acti-
vates anabolic signals, protein synthesis, and cell growth and proliferation. Upregulation of
protein synthesis by the mTORC1 pathway can exacerbate ER stress. ER stress/UPR can also
activate mTORC1 through the ATF64-PI3K-AKT pathway (p-Akt is the active, phosphorylated
form of the Akt signaling factor). It has been proposed that mTORC1 signaling is activated in
sepsis-associated laminitis via systemic IL-6 and activation of the PI3K-AKT pathway.?? IGF-
1R, potentially activated by the high insulin levels that are the primary risk factor for endo-
crinopathic laminitis, is also known to signal through this pathway.?>'%° We propose that
supporting limb laminitis causes ER stress and activation of the UPR through the extrinsic
effect on ER function in nutrient starvation due to poor lamellar perfusion. The UPR and
mTORC1 pathways both contribute to nuclear factor (NF)-kB pathway activation, lipogen-
esis, and angiogenesis.*® NF-kB signaling also upregulates ERAD and autophagy. The relative
levels of these various pathways determine whether or not cells maintain proteostasis,
including the cytoskeletal and adhesion complexes required for epithelial integrity, or un-
dergo apoptosis. Arrows indicate stimulation and blunt-ended lines indicate inhibition.

particularly if it compromises the lamellar cytoskeletal, adhesion complex, and
extracellular matrix structural proteins, weakens the SADP and lowers the threshold
for tissue damage and loss of mechanical integrity.

Tissue Damage/Autoinflammatory Pathways

By the time laminitis has begun to damage tissue, the gene expression profile is pro-
foundly dysregulated. The innate immune system turns from friend to foe, initiating
autoinflammatory pathways that promote further destruction. Here, our best model
is the body of work describing similar innate immune derailment in skin, causing
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release of antimicrobial peptides (AMPs), and effector molecules for cell migration,
proliferation and differentiation, cytokine production, angiogenesis, and ultimately,
wound healing.®* Beneficial under most circumstances, within the inelastic capsule
of the hoof, and under the feedback loop of inflammation causing injury that leads
to more inflammation, these processes exacerbate disease.

Yet, equine lamellar keratinocytes, like skin keratinocytes from mice and humans,
are not “innocent bystanders” to tissue injury and inflammation and are readily acti-
vated by stress stimuli to become inflammatory cells that produce large amounts of
cytokines. These cytokines in turn amplify the original stimulus, driving keratinocytes
to undergo functionally relevant changes in differentiation,.?®44.5°

Epidermal activation in skin diseases and wounding causes keratinocytes to
become inflammatory cells and to change their phenotype, shifting from epithelial to
mesenchymal in morphology and adopting new expression patterns from keratin iso-
forms important for their mechanical function to the activated keratinocyte type Il ker-
atin (K) isoform, K17.2° A hallmark of diverse (auto)-inflammatory skin diseases, the
appearance of K17 expression correlates with epidermal hyperplasia and acanthosis
in response to epidermal stress®C and correlates with disease severity in human pso-
riasis.®®°” Indeed, psoriasis is a surprisingly relevant model for the autoinflammatory
feedback loop of laminitis. Sequence similarly between K17 peptide regions and
streptococcal M6 protein could trigger a T-cell response once presented or released
by damaged keratinocytes.®® In turn, interleukin (IL)-22 and IL-17 from T cells upregu-
lates K17 via the SOCS3/STAT3 pathway,*® which is also activated in laminitic
epidermal lamellae.®®

Expression increases among numerous downstream targets of the inflammasome
during both natural and experimentally induced laminitis. MMPs degrade proteins
external to the cell and are important effectors of extracellular matrix dissolution.°
Increased MMP9 gene expression occurs in both the BWE and CHO experimental
models of sepsis-related laminitis, as well as in clinical cases of the disease, and cor-
relates with leukocyte infiltration.®":6? Increased MMP9 (and MMP2) enzymatic activity
also occurs in naturally occurring laminitis, as well as in in vitro lamellar explants
treated with MMP activators previously associated with lamellar detachment.53-55

In addition to MMPs, RNAs for inflammatory cytokines, like IL-16, IL-6, and IL-8, in-
crease during experimental induction.®? Furthermore, in a more subtle “2-hit” model
(mild systemic inflammation induced by endotoxin infusion followed by lower-dose oli-
gofructose) gene expression changes are triggered in these same cytokines, but only
among the horses that developed laminitis. Horses resistant to the experimental in-
duction had less systemic inflammation, as evidenced by lower expression of genes
for inflammatory cytokines in lung and liver tissues.®® These findings remind us that
the systemic proinflammatory components to this disease may pose a greater risk
than those solely within the hoof.

In the CHO model, these changes are detected not just in the severely laminitic
forelimbs, but also in the hindlimbs, and are joined by chemokine ligand genes
(CXCL1, CXCL6, CXCLS8) as early as the developmental time points.®” Chemokines
signal cellular migration in a number of settings. Notably, CXCL7 induces expression
of intercellular adhesion molecule-1 (ICAM-1).5% More recent work observed many of
these same changes in gene expression once lameness ensued post experimental
induction, but not at the earlier developmental timepoints, when cell stress re-
sponses are likely the dominant processes.®® ICAM-1 and endothelial-leukocyte
adhesion molecule-1 (E-selectin), both increased in the BWE model and others, pro-
mote leukocyte recruitment, adhesion, and translocation through the endothelium of
the vascular wall.®?
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Expressed in both invading myeloid cells and secondary epidermal lamellae, calpro-
tectin (dimer of ST00A8 and S700A9) appears in both models of sepsis-related lami-
nitis where it likely contributes to cytokine secretion as well as leukocyte
recruitment.>%79 Early microarray studies examining the oligofructose model also
detected increased expression of macrophage chemotactic protein, CCL2, a signaling
molecule implicated in diverse inflammatory conditions for its role in orchestrating
monocyte migration.”’ The reader is referred to Leise’s’> comprehensive recent re-
view of the literature regarding leukocyte infiltration of lamellar tissue during laminitis
for more information on this topic.

Inflammatory cytokines, produced either by infiltrating leukocytes or activated
lamellar epidermal cells, also induce the prostaglandin manufacturing enzyme cyclo-
oxygenase (PTGS2, formerly called COX-2). COX-2 expression, as evaluated by quan-
titative reverse-transcriptase (qRT)-PCR, is increased in affected lamellae, likely
contributing to the inflammatory response and degree of pain exhibited by laminitic
horses.®%%7:7® However, COX-2 upregulation occurs at both the RNA and protein
levels in skin, secondary epidermal lamellae, endothelial, and vascular smooth muscle
cells early during the BWE model, reflecting the systemic inflammatory nature of that
experimental model of laminitis.”* COX-2 increases may precede other changes in
lamellae, as they are detectable by gRT-PCR in response to feeding challenge in
lean and obese ponies that did not induce laminitis.”> COX-2, MMP-9, calprotectin,
and other downstream effectors of inflammatory pathways are upregulated in lamellar
tissue from SLL cases in comparison with controls, linking laminitis to other inflamma-
tory diseases, such as human psoriasis and equine asthma.”®"”

Inflammatory signaling pathways are clearly activated during laminitis pathogen-
esis, both within the foot, and more systemically, particularly in SL. Yet, what is just
as fascinating is the key proinflammatory signaling genes that do not change in this
setting, despite the severe tissue damage of laminitis. For the CHO and BWE SL
models, no differences were detected at either the developmental or onset-of-
lameness time points for cytokines IL-2, IL-4, and IL-10; tumor necrosis factor-a, a
prominent proinflammatory product of macrophages/monocytes; IFNG, derived pri-
marily from natural killer cells; and the gene encoding the prostaglandin synthase
COX-1."8 The immunomodulatory cytokine, IL-10, was elevated for the OF model.®”
In addition, there is a notable difference in the temporal pattern of inflammatory events
between the BWE and CHO sepsis models, with most laminar inflammatory events
appearing to occur at or near the onset of lameness in the CHO model, whereas
many of these events peak earlier in the developmental stages in the BWE model.”®

Wound healing/epithelial-mesenchymal transition

A third aspect of the disease, lamellar “wounding,” results from programmed
apoptosis/necrosis, the mechanical forces of weight-bearing on stressed and pheno-
typically abnormal cells under inflammatory insult and continuing onslaught from the
initiating etiology, if unresolved.'®3%7° Following injury, cellular responses initiate a
transition from epithelial to mesenchymal morphology.®° Inflammatory signals trigger
invasion by leukocytes and activation of epidermal cells. This process leads to dermal
activation with fibrosis, hyperplasia, a loss of cytoskeletal elements/adhesion com-
plexes, and altered keratin isoform expression. In the skin, this response results in
wound healing and scar formation, but, within the hoof capsule, it results in lamellar
wedge formation and often a failure to regenerate a functioning SADP due to the
inability to restore the delicate secondary epidermal lamellae (SEL) microanatomy.
In many ways, this process is similar to other types of organ failure, such as liver fail-
ure, in which fibrosis prevents formation of functioning liver epithelium (anatomy and
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number of cells), in spite of the presence of progenitor cells capable of reforming the
epithelium.8%-81

Histologically, we observe evidence for these processes in laminitic tissues. Within
the SEL, basal cells lose their normal morphology, becoming smaller and disorganized
and suprabasal cells become elongated, undergo cornification, and become meta-
plastic and positive for periodic acid-Schiff stain. Hyperplasia and loss of adhesion
to the basement membrane further contribute to loss of function.*1217:45:52,53
Changes in K14 (a basal cell marker) detected by immunofluorescence are accompa-
nied by decreased epithelial progenitor cell marker expression in horses with chronic
laminitis and lamellar wedge formation.®? Laminin-332, a trimeric protein responsible
for anchoring the epidermis to the dermis, is lost from the basement membrane within
12 hours of experimental induction with oligofructose.®® To illustrate the importance of
this connection, loss of laminin-332 due to heritable defects either of 2 of the 3 chains
results in junctional epidermolysis bullosa in horses,®*° a condition characterized by
dramatic loss of large sections of skin and sloughing of the hooves due to exquisite
congenital fragility.

Gene expression provides a further exploration of what is happening inside the cell.
MMP14 is secreted as a pro-protein and, once activated, is important in extracellular
matrix remodeling.®° Although its expression is increased during the acute phase of
the oligofructose model, the protein itself is depleted from the basal cells, indicating
that the products of that increased expression are quickly trafficked to the exterior
of the cell.®® In contrast, tissue inhibitor of metalloproteinases (TIMPs) balance the ac-
tion of MMPs, helping to modulate these powerful enzymes.®° As one might expect,
the expression of TIMP2 is decreased following induction of laminitis by oligofruc-
tose.®8:87 Expression of ADAMTS4, an aggrecanase, also increases, likely contributing
to degradation of the cartilage matrix concurrent with changes in the basement mem-
brane.8”-8° Quantitative RT-PCR of lamellae from the BWE model, CHO model, and
naturally occurring clinical cases often detected increases in ADAMTS4.5" Yet, the
timeline of remodeling of the extracellular matrix is not universal to all types of the dis-
ease. In the HI model, MMP9 expression is increased, but no change occurs in MMP2,
MT1-MMP, TIMP3, or ADAMTS4 in either the developmental or acute phase.'®

Immune response, tissue damage, and remodeling are linked processes. In the
CHO experimental model, immune cell arrival within lamellar tissues correlates with in-
creases in MMP9 concentration.'®°° Cytochrome b-245 expression, tracked using
the CYBB gene encoding the beta subunit, also increases 71 in these laminitic tissues.
This proinflammatory product of neutrophils catalyzes generation of superoxide in the
extracellular space, building oxidative stress within the tissue.”?

The complex cascade of gene transcription necessary for wound reepithelialization
is orchestrated by transcription factor signaling from the AP-1 family (heterodimers or
homodimers of the Fos, Jun, and CREB/ATF protein families.) These AP-1 transcrip-
tion factors regulate expression of many types of genes involved in wound healing,
such as MMPs, integrins, and growth factors (reviewed in Ref.°"). To date, only Fos
was observed to increase in expression following induction by the oligofructose; how-
ever, as a master regulator, large-scale changes in gene expression are not needed to
effect significant changes in their regulatory impact.”’

Genetic predisposition

Anecdotal evidence has long supported different frequencies of laminitis among
different breeds of horse. As breed formation is catalyzed by the action of selection
on genes, this variation in the frequency of a phenotype across breeds is a valuable
clue that a genetic component contributes to the trait. Selective pressure for survival
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in the challenging native environments of most pony breeds favored survival among
those with a hardy, “easy-keeper” metabolism, as it does in people.?%?> The only
systematic across-breed study examining factors contributing to the onset of
pasture-associated laminitis found that individuals from pony-type breeds were at a
significantly higher risk of the disease.®® However, this same selective pressure may
fix genes for starvation resistance in ponies, reducing the variation in phenotype avail-
able for study and rendering pony breeds a less than ideal population for genetic
studies. Adding difficulty to this task, there is considerable debate regarding the
fundamental diagnostic definition of the primary underlying endocrinopathy for natu-
rally occurring laminitis: EMS.®* Yet, genomic calculations of heritability for diagnostic
criteria indicative of EMS are moderate to high in these susceptible populations, indi-
cating a strong genetic component to the disease.®®

To date, only 2 studies have attempted to define loci contributing to this heritability
for EMS. The first pilot study chose to sample the Arabian horse, a light horse breed
with a moderate frequency of EMS.®® Although the sample size was small, a genome-
wide association to laminitis secondary to EMS pinpointed a single significant region
on equine chromosome 14 bearing just one annotated gene: FAM174A. The function
of FAM174A is unknown, although RNA interference knockdown studies with human
cells suggest a role in cholesterol homeostasis for this transcript, validating a previous
identification of this locus in a genome-wide study for blood lipid profiles in humans.®”
Both the SNP marker, and a homo-polymer polymorphism within the 3’ end of the
gene correlated with increased resting insulin levels, although no conclusive functional
hypothesis could be tested.°® Indeed, the causative genetic variation may lie any-
where within the associated 150k haplotype block, and further work is needed to nar-
row the candidate region and test haplotypes at this locus for association to similar
phenotypes in other breeds. Still, as most studies of management or diet-based inter-
ventions target glucose-insulin hemostasis, this study highlights the need to further
investigate the role of cholesterol/lipid control in the EMS horse.

A second study, focusing on a large sampling of Welsh ponies, identified a signifi-
cant correlation between an SNP within the first exon of the HMGA2 gene and several
diagnostic indicators of EMS (resting insulin, insulin after oral sugar test (OST), non-
esterified fatty acids (NEFA), and triglycerides).®® Strong signatures of selection across
this locus suggest either recent breeder-driven selection for small height, or perhaps
natural selection for resistance to starvation before the introduction of modern
balanced diets and the end of use of most horses for transportation and agricultural
labor. Notably, the allele correlated with larger body size and increases in diagnostic
indicators for EMS is nearly fixed in most light horse breeds; therefore, this risk locus is
unlikely to play a role in susceptibility to EMS in non-pony breeds.

High-mobility group A proteins serve to regulate inducible gene transcription by
binding to promoter and enhancer regions of their target genes, and as such, can
have broad action on the differentiation and expansion of cells.®® Loss-of-function mu-
tations in the mouse result in the relatively lean “pygmy” phenotype, in contrast to the
horse, in which the small stature allele correlates with increases in diagnostics for
obesity.'%° Diets were not quantified in this study, thus the interaction with environ-
mental components, like the tendency for owners to overfeed smaller horses, cannot
be ruled out. More work is needed to fully describe the biological action, and potential
therapeutic implications, of this locus.

Aside from the predisposition to endocrinopathy, variation in systemic inflamma-
tory responses to laminitis triggering stimuli and involvement of the innate immune
system both suggest that we should be able to detect genetic variation contributing
to laminitis resistance/susceptibility resulting from diverse etiology. Indeed, in most
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experimental induction models, horses develop laminitis at different timepoints and
for some milder models, fail to develop clinical lameness.'6-66:75:101=103 Therg are
many plausible explanations for this phenomenon, including gene-environment
interaction. The interplay of genetic susceptibility with autoinflammatory diseases
in humans is well established.’®* In one notable example, genome-wide association
studies catalyzed new therapeutic strategies for psoriasis, a human autoinflamma-
tory condition with strong potential as a model for laminitis. In a discovery-based, hy-
pothesis-generating approach, associated regions from a population study
highlighted a previously unknown role for activation of Th17 genes in psoriasis sus-
ceptibility.'°® With this knowledge, novel classes of biologic drugs targeting these
pathways for other conditions were rapidly redeployed to treat psoriasis and are
showing promising results in clinical trials.%®

Examination of genetic predisposition offers promise for identification of individual
horses with above-average susceptibility, enabling early targeted interventions though
diet, management, and perhaps future pharmaceutical options to prevent this difficult-
to-treat condition. In theory, these loci could be integrated into genomic selection pro-
grams to reduce the incidence of the disease in future generations. This is a promising
field of study; however, it will require large sample sizes and significant investments in
research funding to realize these benefits.

SUMMARY

None of the signaling processes described in this article are mutually exclusive and are
likely all important to laminitis pathogenesis. The ultimate goal should be to determine
their temporal and relative contributions to laminitis pathogenesis. The hoof is a
unique and elegantly evolved biomechanical system for which there is no perfect sub-
stitute model. Yet, there are lessons to be learned from studies investigating diseases
of the skin or other organs. If required, we can adjust our models, keeping in mind that
the lamellar epithelium differs from skin in structure and in the content of the major
keratins.

The constellation of gene expression patterns reflecting ongoing processes at the
molecular level provide valuable clues to the biochemical puzzle. In particular,
transcriptomics-level studies provide discovery-mode data and hypothesis-testable
lines of investigation without a priori assumptions. Some of these targets provide
candidate biomarkers for improved diagnosis and monitoring of the disease as well
as signaling pathways that can be pharmacologically manipulated for laminitis preven-
tion or treatment, as has been the case for human diseases.

Potential Interventions

A role for ER stress and autoinflammatory pathways is evidenced by the only empir-
ically proven intervention for laminitis: digital hypothermia, which derails signaling
and enzymatic processes across the board. Indeed, digital hypothermia prevents
OF model-induced laminitis and decreases inflammatory markers detected by qRT-
PCR.®” Unfortunately, cryotherapy is not always feasible in the field, or applied early
enough in the disease process.

With the help of novel hypothesis illuminated by gene expression studies, more so-
phisticated approaches are on the way. As discussed by Lane and colleagues,?® rapa-
mycin (an inhibitor of MTORC1) and other inhibitors acting on the mTORC1 pathway,
are potential therapeutics for treatment and prevention of laminitis. Inhibitors of the
mTORC1 pathway decrease ER stress by increasing autophagy and allowing cells
to dispose of misfolded proteins. Although promising, rapamycin has shown toxicity
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in human trials,'°”19% and some investigators have suggested that rapamycin will be
more effective in combination therapies.'®” The potential use of small molecules that
either modulate protein function within the ER stress pathway or enhance the protein
folding capacity within the ER lumen to relieve ER stress has been reviewed
elsewhere.*®

Still, by defining and connecting these critical pathways in the disease process with
genomic tools, we can envision, for the first time, not just one novel therapeutic inter-
vention but the possibility of several worthy of investigation in the near future. Just a
decade or 2 ago, that would have seemed impossibly optimistic.
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