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Abstract

A large body of research has demonstrated that human stearoyl-CoA desaturase 1 (SCD1),

a universally expressed fatty acid A9-desaturase that converts saturated fatty acids (SFA) into
monounsaturated fatty acids, is a central regulator of metabolic and signaling pathways involved
in cell proliferation, differentiation, and survival. Unlike SCD1, stearoyl-CoA desaturase 5
(SCD5), a second SCD isoform found in a variety of vertebrates, including humans, has
received considerably less attention but new information on its catalytic properties, regulation
and biological functions of this enzyme has begun to emerge. This review will examine the new
evidence that supports key metabolic and biological roles for SCD5, as well as the potential
implication of this desaturase in the mechanisms of human diseases.

1. Introduction

Cells must produce a large variety of molecular species of lipids to meet the demand

for structural, energetic, and signaling molecules required for proliferation, growth,
differentiation, and survival [1]. Acyl-containing lipids, such as phospholipids, mono-, di-
and triacylglycerols, cholesteryl esters, and other quantitatively minor lipids, contain a
functionally appropriate combination of saturated (SFA), monounsaturated (MUFA), and
polyunsaturated (PUFA) fatty acids of different carbon chain length and unsaturation level.
SFA and MUFA are the most abundant fatty acids in mammalian organisms, accounting for
over 80% of all fatty acid species present in cell lipids. Therefore, changes in the content
and distribution of these fatty acids will modify a plethora of biological processes mediated
by acyl-containing lipids, including cell membrane architecture and mobility, intracellular
and circulating forms of energy storage, lipid-mediated signal transduction events, cellular
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trafficking, and transcriptional activation, among many other functions that promote and
preserve major cellular activities [2, 3, 4].

2. Human SCD activity and fatty acid desaturation

3. SCD5:

Synthesis of MUFA is a universal metabolic feature that is essential in all stages in the life
of a cell [1, 4]. Enzymes that produce MUFA, including fatty acyl desaturases such as SCDs,
are ubiquitously present in all organisms, going from bacteria and yeast to humans [5]. A
variety of Scd-like genes are expressed in Saccharomyces cerevisiae (olel), Caenorhabditis
elegans (fat-5, fat-6, and fat-7), and in the vertebrates (scd1, scd2, scd3, scd4, and scd5)

[6]. Mammalian SCDs are endoplasmic reticulum-resident enzymes that introduce the first
double bond in the ¢is-A9 position of saturated fatty acyl-CoAs, chiefly palmitoyl-CoA

and stearoyl-CoA, to produce palmitoleyl-CoA and oleyl-CoA, respectively (Figure 1) [7,
8]. These desaturases have been extensively investigated in diverse mammalian organisms,
particularly in rodent models, as well as in human tissues and cultured cells. Mice contain
four SCD isoforms (SCD1-4) expressed in a tissue-specific manner, with the SCD1 isoform
present in all tissues, particularly in the liver, whereas expression of SCD2, SCD3 and
SCD4 is highly restricted to brain, skin, and heart, respectively [9, 10, 11]. Rats express
two isoforms SCD1 and SCD2 [12]. Also, two SCD isozymes, SCD1 and SCD5, have been
reported in humans [13, 14, 15].

Structural, catalytic and metabolic features of murine and human SCD1, as well as its
transcriptional and posttranscriptional regulation by dietary, hormonal and environmental
factors, have been thoroughly discussed elsewhere [4, 11, 16, 17, 18]. A wealth of
experimental data points to SCD1 activity as the central modulator of the SFA-to-MUFA
ratio in cell lipids [16, 17, 19]. Furthermore, a perturbation in the balance of these two
fatty acid types has been implicated in several prevalent diseases in humans, including
obesity, diabetes, fatty liver, cardiovascular, and neoplastic diseases [4, 20, 21, 22]. In
contrast, the catalytic properties, regulation, and biological roles of SCD5, the second
A9-desaturase isoform expressed in humans and other vertebrates, as well as its relevance
in the mechanisms of disease, have been poorly characterized. However, a growing number
of studies have started to shed light on the mechanisms by which SCD5 participates in

the control of cellular fatty acid distribution, lipid synthesis, cellular signaling, and, thus,
the rate of cell growth, replication, and survival. Moreover, recent data suggest that SCD5
may be involved in the onset and progression of several human developmental and chronic
diseases.

structural, enzymatic, and biological features

SCD5, which was initially named ACOD4 due to its homology with other mammalian
A9-desaturases, was first cloned in the chromosome inversion site of a family with cleft

lip [14]. Interestingly, while SCD1 is found in chromosome 10, the scd5 gene is located in
chromosome 4 [14], indicating that this SCD variant is a distinct A9-desaturating enzyme.
SCD?5 shares 54-58% identity and 72—-74% similarity with SCD1-4 isoforms [14, 15].Two
variants of SCD5 are described in the NCBI reference sequences and UniprotKB databases:
SCD5 variant 1 (NM_ 001037582.3,) and SCD5 variant 2 (NM_024906.3 ), which encode
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for proteins containing A-9 fatty acyl desaturase-like domains. However, variant 2 presents
multiple differences in the 3’ coding region resulting in a protein with a shorter and distinct
C terminus region (NP_079182.2, Q86SK9-2, 256 aa ), compared with the protein encoded
by variant 1 (NP_001032671.2, Q86SK9-1, 330 aa). The analysis of the protein structure
of SCD5 variant 1 predicts the presence of four potential transmembrane domains and
three histidine boxes (HRLWSH, HRVHH, HNYHH), which are a typical find in fatty acyl
desaturases, including SCD1 [23, 24]. Another critical structural difference between SCD1
and SCD?5 is the lack of PEST sequences, which are rich in proline, serine, threonine,
glutamic acid and aspartic acid, in the latter enzyme [25]. Deletion of N-terminal amino
acids containing PEST sequences in the SCD1 protein have been shown to reduce the
half-life of the desaturase [26, 27]. Although the absence of a PEST sequence in SCD5 may
give this desaturase shorter half-life than SCD1, no studies have been conducted, so far, to
address this subject.

Although SCD5 was initially thought to be present exclusively in primates, SCD5
orthologues have also been found in a variety of vertebrates, including ruminants, pigs, dogs,
and birds [25, 28, 29] (Figure 2). Several phylogenetic analyses of mammalian SCD variants
hint at the possibility that a primordial A9-desaturase gene diverged into scd1 and scd5 as
independently duplicated genes early in vertebrate evolution [5, 25, 28]. Further, work of
W et al. [30] suggests that the pattern of gene expression after gene duplication may have
resulted in functional specialization of SCD5, which may help explain its distinct expression
profile in tissues and organs when compared to SCD1 (www.proteinatlas.com) [31] (Figure
3). The human scd1 gene is ubiquitously found in all tissues, but more predominantly
present in adipose tissue, liver, brain, heart, breast, and lung, among other tissues [13].
SCDL1 is also highly expressed in human oncogene-transformed and cancer cells [32]. In
contrast to SCD1, human SCDS5 is primarily found in fetal brain, and in adult brain and
pancreas, adrenal gland, gonads, and to a lesser degree in kidney, lung, and normal and
obese human adipose tissue (www.proteinatlas.com) [14, 15, 31, 33]. A similar expression
pattern of SCD5 has been described in other vertebrates [25, 28]. As it will be discussed in
more detail below, since optimally balanced levels of SFA and MUFA are required for brain
development [34, 35], the particular high expression of SCD5 in fetal brain suggest that

this desaturase could provide this and other embryonic tissues with a distinctive desaturase
activity that supplies appropriate amounts of SFA and MUFA for the specific needs to the
developing tissue. Additionally, SCD5 was also detected in human cumulus cells, which
surrounds the oocyte and are crucial for its development [36, 37]. These studies showed that
the desaturase transcript levels increase with nuclear maturity and are thought to predict the
quality of oocytes and viability of embryos. Noteworthy, SCD5 expression has also been
observed in several human oncogene-transformed and cancer cells [32, 38, 39].

Despite the limited sequence homology of SCD5 with other vertebrate A9-desaturases,

the subcellular localization and enzymatic activity of this desaturase are similar to other
SCDs. Wang et al. [15] showed that human SCD5, like SCD1, resides in the endoplasmic
reticulum compartment. In the same study, in vitro determinations demonstrated that SCD5
was able to desaturate stearic acid to oleic acid, but desaturation of palmitic acid was not
determined. Sinner et al. [38] reported that palmitoleic acid increased in mouse neuronal
cells that stably expressed human SCD5, whereas the relative content of oleic acid remained
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unchanged, suggesting that SCD5 not only can desaturate palmitic acid but that this fatty
acid acts as preferred substrate for this enzyme. Moreover, in studies done in bovine
tissues, single nucleotide polymorphisms in SCD5 were associated with higher C16:1/C16:0
index, suggesting, again, a greater A9-desaturating activity for palmitic acid substrate

[40]. However, lentivirus-mediated expression of SCD5 in human melanoma and murine
mammary carcinoma cells markedly increased the oleic acid/stearic acid ratio with minimal
changes in the palmitoleic acid/palmitic acid ratio [41]. In this connection, a liver-specific
overexpression of human SCD5 in mice with global SCD1 depletion increased the levels

of oleic acid, but not palmitoleic acid, indicating a preference for stearate as substrate for
SCD5 [42]. Finally, the expression of human SCD5 in mouse 3T3-L1 preadipocytes was
shown to significantly elevate oleic acid without modifying the content of palmitoleic acid
(R. Ariel Igal, unpublished observations). Whether these different desaturation rates of 16-
and 18-carbon fatty acid substrates by SCD5 reported in the above studies are dictated by a
cell-type specific abundance of substrates remains an open question.

4. Regulation of SCD5

The structural features of the scd5 gene offer some clues on the regulation and function

of this desaturase. A number of transcription binding sites at the 5’-UTR region of human
scd5 gene indicate that sequences corresponding to C/EBP-a, AP1, SP1, NF-1, NF-Y, T3R,
PPAR-a, and SREBP1 are present in the promoter region of the gene [5, 25, 30]. Although
the binding of transcription factors to the aforementioned transcription sites are known to
control the expression of SCD1 [43], the actual functional activity of these promoter regions
in the scd5 gene remains largely undetermined. Studies done by Lengi and Corl [44] showed
that transcription factors SREBP-1a, a master regulator of lipogenesis, and EGR2 are able to
bind to and activate bovine SCD5 promoter regions. Interestingly, EGR2 is a transcriptional
regulator that plays a central role in peripheral nerve myelination and activate the expression
of SCD2, a murine SCD that, like SCD5, is highly present in brain cells [45]. SREBP-1a
has been shown to potentiate the EGR2-mediated activation of mouse SCD2 promoter [46],
but this synergistic effect was not observed upon binding of these two transcription factors to
bovine SCD5 promoter [44]. The lack of a substantial induction of SCD5 mRNA synthesis
upon binding of either or both SREBP1a and EGR2 to the SCD5 promoter may suggest the
presence of an antagonistic mechanism that limits transcriptional activity [44]. In addition,
analysis of the 3’-UTR region of the scd5 gene predicts the presence of several conserved
sites of microRNA families among vertebrates, including two conserved sites for mammals
[30]. Importantly, these microRNA clusters are associated with several diseases including
NAFLD, schizophrenia, autism, as well as brain and pancreatic cancers [30]. T-cells from
patients with rheumatoid arthritis are characterized by increased levels of microRNA 34b
and a decrease in SCD5, a target for this microRNA [47], suggesting a connection between
the regulation of the desaturase levels and immune-inflammatory functions in humans.

Mammalian SCD1 is notably sensitive to changes in the levels of macronutrients in

the diet, particularly unsaturated fatty acids [2, 17], but dietary factors appear to have

a less significant influence on the levels of SCD5. In experiments done in cows fed

rapeseed, soybean or linseed oils, which are rich in oleic, linoleic, and gamma-linoleic
acids, respectively, SCD1 transcription levels in mammary glands were significantly reduced
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by the dietary oils whereas the expression of SCD5, which is low in basal conditions,
remained unmodified [48]. However, in a human glioma cell line, SCD5 levels were
markedly decreased by treatment with gamma-linolenic acid [49], which may insinuate a
selective regulation of SCD5 by polyunsaturated fatty acids. Human SCD5 also appears to
be unresponsive to lipidic factors in the serum. Roongta et al. [50] observed that, while
SCD1 expression markedly increased when cancer cells were grown in 2% fetal bovine
serum compared to 10% fetal bovine serum, the inhibitory effect of serum on the desaturase
levels disappeared when lipids were removed. In the same study, the expression of SCD5
was unmodified by changing concentrations of fetal bovine serum or by delipidated serum.
Furthermore, although retinoic acid, a retinoid that is known to suppress cell proliferation
and stimulate differentiation [51], is known to induce the transcription of SCD1 in human
cells [52], the levels of SCD5 in both normal human skin fibroblasts and SH-SY5Y human
neuroblastoma cells remained unchanged upon retinoic acid treatment [38]. Taken together,
the aforementioned studies suggest that, compared to SCD1, SCD5 seems less sensible to
regulation by lipid factors. Future investigations employing a variety of experimental models
and conditions are needed to the determine the degree by which SCD5 is modulated by other
nutritional, hormonal, and environmental factors that affect SCD1 expression and function.

role in metabolism, and in cell proliferation, differentiation and

A large body of evidence has conclusively determined that SCD1 not only controls the ratio
SFA-to-MUFA and the metabolic fate of these fatty acids in mammalian cells, including
humans, but also the rate of overall lipogenesis [4, 16, 17]. Studies published in recent
years, albeit mostly performed in cell cultured models, have begun to answer the question
of whether SCD5 plays a similar role in lipid metabolism. The first evidence of a potential
implication of SCD5 in the control of the de novo synthesis of acyl-containing lipids was
reported by Sinner et al. [38]. This work showed that the stable expression of human

SCD5 in mouse neuroblastoma cells increased the incorporation of 14C-labeled glucose into
phosphatidylcholine and cholesterol esters. Thus, SCD5, similar to SCD1, may not only
determine the MUFA:SFA ratio but also the rate of polar and neutral lipid synthesis in
fast-replicating cells. Further supporting a role for SCD5 in lipid regulation, it was observed
that in mice with a global SCD1 knockout the liver-specific expression of human SCD5 fully
reversed the decreased levels of hepatic triacylglycerol observed in SCD1-ablated animals
[42]. In this study, however, the rate of synthesis of triacylglycerols, as well as other major
lipids in liver, such as phospholipids and cholesterol esters, was not determined.

It has been firmly established that the synthesis of MUFA is a key component of the
mechanisms of cell proliferation, growth, differentiation, and survival of mammalian cells,
including human normal and cancer cells [3, 4, 19]. Since human fetal brain cells exhibit
high expression levels of SCD5 [14, 15], this desaturase could be implicated in the highly
synchronized sequence of cell division, exit of cell cycle, and entry in the program of
differentiation of neurons. In this connection, initial studies performed in mouse neuronal
cells showed that, compared to mock-transfected cells, the expression of human SCD5
increased the cell replication rate [38]. The faster cell proliferation induced by ectopic
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SCD5 could have been caused by an acceleration of the cell cycle promoted by increased
levels of cyclin D1, a crucial regulator of the G1/S phase transition [53], observed in
SCD5-overexpressing cells. In cancer cells, SCD1 activity propels cell cycle progression
via a modification in the expression of cyclin D1 and CDK® [54], suggesting that both
human A9-desaturases are implicated in the mechanisms of cell division by targeting key
checkpoint proteins in a similar regulatory fashion. Further reinforcing the notion that SCD5
activity is critically involved in cell proliferation, HEI-OC1 hair cells ectopically expressing
human SCD5 exhibited an increase in cell replication whereas the expression of a mutant
SCD harboring a ¢.626G > C mutation that affects a conserved tryptophan residue showed
no effect on cell proliferation [55].

SCD?5 activity also appears to be crucially linked to the mechanisms of cell

differentiation. In neuronal cells, constitutive expression of human SCD5 drastically
impaired neuritogenesis as shown by a diminished growth of neurite prolongations in length
and number [38]. Further, the detection of low levels of BllI-tubulin, an early marker of
neuronal differentiation [56], in SCD5-expressing cells in both basal and differentiating
conditions suggests that the desaturase regulates the initial stages of differentiation [38].
Although data indicate that SCD enzymes, particularly SCD1, control both cell proliferation
and cell differentiation [4, 38, 55], evidence at a mechanistic level is still lacking. The
question of whether both SCD isoforms exhibit separate or complementary roles in both
biological processes remains unanswered. However, the abovementioned studies in neuronal
cells stably expressing SCD5 underscore the possibility that this enzyme is integral to

the intertwined modulation of cell replication and differentiation, processes whose balance
determines the fate of cells. Moreover, exit from cell cycle is a prerequisite for the
differentiation of neurons [57], therefore, a more active cycle of cell replication could
explain the delay, or even failure, in fully developing into differentiated neurons of those
cells expressing ectopic SCD5. This view is supported by the observation that although
retinoic acid in neuronal cells markedly halted cell proliferation in both SCD5-expressing
and controls cells the anti-differentiation effect of the retinoid was less prominent in the
SCD5 overexpressors [38].

The changes in the biological phenotype of neuronal cells promoted by the expression of
SCD5, such as alterations in cell proliferation and neurite outgrowth, could be traced, at
least in part, to a modification of signaling mechanisms, such as Akt, ERK1/2, and Wnt [38].
In this study, it was observed that in cells conditioned for differentiation SCD5 blunted the
EGF-induced phosphorylation and activation of EGFR, as well as its downstream signals
ERK and Akt, which are central players in neuronal replication and functional maturation
[57, 58]. In light of the findings showing that SCD1 activity is required for the full induction
of Akt and ERK pathways [32, 59, 60], the observation that SCD5 modulates these two
signaling systems in an opposite manner suggests that human SCD isoforms may exhibit
divergent functions in human cells, at least in certain cell types.

Wht are secreted proteins that control cell replication, differentiation, and polarity, as well
as organ development, in a large number of organisms [61]. By binding to their receptors,
Whnt proteins trigger the activation of three signaling branches: the canonical -catenin/TCF
pathway, the B-catenin independent pathways JNK/PCP pathway, and the Wnt/calcium
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pathway [62, 63]. Posttranslational acylation of Wnt proteins with palmitic and palmitoleic
acids of conserved cysteine and serine residues, respectively, is a major determinant of
Whnt production and secretion, as well as in their activation of signaling targets in both the
[B-catenin-dependent and-independent pathways (Figure 4) [64, 65]. Interestingly, changing
levels of SCD1 activity and, consequently, the ratio palmitoleic to palmitic acid, have been
shown to modify the rate of Wnt synthesis, secretion, and biological activity by altering the
acylation of Wnt proteins [61]. SCD5 also appears to be central for the regulation of the
Whnt signaling system in target cells. It was observed that the expression of human SCD5
in mouse neuronal cells decreases the activity of canonical Wnt while the non-canonical
Whnt pathway was stimulated [38]. In the same study, SCD5 expression led to a greater
secretion of recombinant Wnt5a, a non-canonical Wnt, whereas it diminished the cellular
and secreted levels of canonical Wnt7b, reinforcing the notion that this desaturase evokes
regulatory effects, albeit divergent, on Wnt pathways. Further, it was observed that SCD
activity produces a MUFA substrate for the Wnt-associated acyltransferase Porcupine,
which incorporates a MUFA, but not SFA, into Wnt ligands, subsequently modifying

their biological activity [66, 67]. Similarly, in hepatocytes, SCD1 catalyzed the synthesis
of palmitoleate which serves as the substrate for the Porcupine-mediated acylation and
consequent activation of Wnt ligands [68]. The acylated Wnt proteins were able to induce
the Wnt/p-catenin signaling cascade that is necessary for liver functional zonation and
hepatic metabolism [68]. The requirement of SCD activity seems to be unique to the
acylation and biological activity of Wnt ligands, as other lipid-modified ligands, such as
Sonic hedgehog, are not affected by the loss of SCD activity [66, 67]. Based on the
aforementioned data, it is tempting to speculate that SCD1 and SCD5 may functionally
interact with Porcupine in the process of Wnt acylation with MUFA, thereby controlling
the activation of these proteins. Therefore, in this hypothetical mechanism, SCD1 and
SCD5, separately or in coordination, could control the mechanisms of differentiation and
morphogenesis during development, at least partly, by modulating the activation rate of Wnt
signals. In addition, a feedforward loop involving SCD activity and Wnt signaling appear to
take place since it was observed that Wnt signals target SCD1 for activation in adipocytes
[69]. Future research will help determine whether SCD1 and SCD5 activities have similar
or distinctive effects on the modulation of Wnt signaling pathways and, also, whether the
regulation of Wnt by the desaturases exhibits a time-, stage- and Wnt-specific behavior.

The role of SCD1 as a key pro-survival factor that attenuates cell stress and prevents

the dismissal of cells by necrosis or apoptosis has been well documented in mammalian
cells, particularly in human cancer cells [3, 4]. The potential involvement of SCD5 in the
mechanisms of cell death is, so far, less conclusive. An early study by Roongta et al. [50]
reported that the inhibition of SCD5 expression in lung cancer cells did not significantly
affect the cell apoptotic rate, suggesting that this desaturase may not be implicated in
cancer cell survival. However, it can be hypothesized that SCD5 may attain a distinct role
as a survival factor in stressful metabolic conditions that may lead to cellular damage,
such in a context of excess levels of SFA promoted by either excessive de novo synthesis
(7.e., cancer cells) or overload from plasma. It has been firmly demonstrated that SCD1,
by processing SFA into MUFA, operates as a critical barrier against SFA-induced cellular
damage in mammalian cells, including human cells [70, 71]. A A9-desaturase activity like
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SCD5, whose expression appears less sensitive to regulation than SCD1, may, therefore, be
part of a highly conserved mechanism by which cells avoid the deleterious effects of an
SFA buildup, even more critically so if SCD1 activity were reduced. This hypothesis finds
support in the work of Liu et al. [72], in which it was observed that liver-targeted expression
of human SCD5 counteracts endoplasmic reticulum stress and inflammatory effects of a
highly lipogenic sucrose-rich diet in SCD1-ablated mice. Further reinforcing this notion, in
human pancreatic B-cells, isoxazole, a small molecule that influences cell proliferation and
differentiation, was found to stimulate the expression of SCD5 as part of a mechanism put
in place by p—cells to prevent lipotoxicity [73]. Whether the anti-lipotoxic action of SCD5 is
especially prominent in tissues that express high levels of this desaturase, such as brain and,
especially, pancreas, a tissue that is highly sensitive to SFA-mediated cytotoxicity [74], is an
issue that remains unresolved.

6. Potential implication of SCD5 in human diseases

a) Cancer.

A large body of research has demonstrated that the activation of SCD1 is a hallmark of
oncogenic transformation and, also, that MUFA synthesis is an essential requirement for the
maintenance of most metabolic and biological traits of cancer cells [4]. A growing humber
of studies hints at the possibility that SCD5 may also have a role in the modulation of
mitogenic and tumorigenic events. Analysis of alternative splicing signatures, which are
thought to be implicated in cancer development, performed in over ten thousand genes in
kidney renal clear cell carcinomas showed that scd5 was among the seven genes that are
considered potential diagnostic biomarkers of carcinoma prognosis [75]. High expression
of SCD5 was observed in uveal melanoma, the most prevalent, and highly metastatic, form
of intraocular cancer in adults [76]. Also, importantly, this study showed that elevated
SCD5 was positively associated with poor prognosis of this cancer. Furthermore, Bellenghi
et al. [41] reported that, compared to normal tissues, mRNA and protein levels of SCD5
were elevated in primary and low-invasive melanoma tissues. Intriguingly, these authors
found that the expression of SCD5 in human melanoma cells lowered the rate of tumor
formation suggesting that this enzyme may display a cancer cell type-specific function or,
also, interfere with the pro-oncogenic function of SCD1[4].

SCD?5 activity may also be required for providing cancer cells with the appropriate local
environment to thrive. Cancer-associated fibroblasts in the tumor stroma were shown to
induce SCD5 expression in mammary cancer cells at both transcriptional and translational
levels [77]. In this work, ablation of SCD5 induced greater necrosis of cancer cells, an
effect that was reversed by addition of oleic acid, but did not affect the rate of programmed
cell death. Furthermore, in contrast to findings in SCD1-ablated cells, inhibition of SCD5
expression did not affect the motility of cancer cells [77]. The aforementioned observations,
in conjunction with previous studies [4], suggest that SCD1 and SCD5 play specific roles
in the mechanisms of cancer. However, future studies that more comprehensibly address
the role of SCD5 in varied cell- and tissue-specific cancers will provide more in-depth
information about the involvement of SCD5 in the processes of cell replication, survival, and
invasiveness. In addition, since SCD1 has been identified as a main modulator of both the
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replication and differentiation of human pluripotent stem cells, as well as the proliferation of
cancer stem cells [78, 79], future experiments should also address the question of whether
SCD5 is also implicated in the biological fate of human normal and cancer stem cells.

b) Craniofacial development.

As mentioned above, the high expression levels of SCD5 in the embryo and in fetal
tissues, particularly in brain and pancreas [14], indicate that this desaturase, among other
biological roles, may be implicated in critical developmental functions. In this regard, the
gene encoding for SCD5 was first identified in two patients, father and son, with cleft palate
in which a pericentric inversion of chromosome 4 led to a deletion in the desaturase gene
[13]. The association of SCD5 expression with a clefting phenotype was also observed
patients with 4q21 microdeletion syndrome [80]. Also, a disruption in the scd5 gene due to
gene microtriplication in chromosome 4 was found in a patient with macrocephaly, frontal
bossing, and development delay [81], all clinical features that are also observed in 4g21
microdeletions [82]. In addition, we observed that Xengpus embryos microinjected with
human SCD5 RNA exhibited brain malformation, absence of left eye, and an abnormally
uncoiled intestine [ Débora Sinner and R. Ariel Igal, unpublished observatiors]. Despite
limitations associated with the gain of function assay, the aforementioned anomalies were
not observed in embryos injected with a control plasmid.

While the above described reports, particularly human genetic studies, point to a role of
SCD5 in craniofacial development and disease, mechanistic data for this association are
lacking. Signaling pathways regulated by SCD5, such as Wnt [38], are known to regulate
ciliogenesis, which is critical for craniofacial development [83], and are also associated with
ciliopathies affecting hearing and sight [84]. Lipid modifications in cilia, especially protein
acylation, are crucial for protein trafficking and signaling mechanisms [85], therefore,

it is tempting to speculate that SCD5 may influence the activity of primary cilia and,
consequently, craniofacial formation. In this regard, Willemarck et al. [86] observed that
activation of fatty acid biosynthesis in Xenopus embryos by ectopic expression of SREBP1c,
or the addition of palmitic acid, blocked the formation of primary cilia, which led to

tissue malformation. This study also found that the alteration of embryo development

was associated with SREBP1c-induced changes in Hedgehog and Whnt signaling activity.
However, whether fatty acid desaturases, particularly SCDS5, play a role in producing a
SFA:MUFA ratio that is appropriate for the timely activation of fatty acid-sensitive signaling
proteins that control ciliar functions is currently unknown.

Finally, normal craniofacial development also depends on cranial neural crest cells that
give rise to the majority of the bone and cartilage of the head and face, as well as to

nerve ganglia, smooth muscle, connective tissue, and pigment cells [87]. Disruptions in
the generation, replication, migration, or differentiation of cranial neural crest cells are
known to cause congenital malformations, such as cleft palate [87, 88]. Thus, determining
whether SCD5 activity is a prerequisite for the normal biological processes in neural crest
cells will help clarify a potential implication of the desaturase in craniofacial development.
In addition, elucidating the role of SCD5 in craniofacial formation at a mechanistic level
will lay the foundation for the development of novel approaches to prevent and/or treat
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developmental diseases, such as malformations in central nervous system, craniofacial
developmental alterations, and related pathologies.

c) Neurodegenerative disease.

As discussed earlier, SCD5 activity appears to be crucial in the processes of neuronal
proliferation and differentiation, suggesting that functions of the central nervous system, as
well as pathological alterations, may be influenced by the rate of activity of this enzyme. An
indication of the potential involvement of SCD5 in neurological disorders is described in a
recent report in which the mRNA expression of this desaturase was found elevated in the
brain of patients with Alzheimer’s disease [89]. Schizophrenia, bipolar disorder, and major
depressive disorder, clinical entities that are thought to be genetically connected, display
few susceptibility genes located on chromosome 4, including scd5 [90]. However, evidence
for a potential mechanistic participation of the desaturase in the onset of these diseases is
lacking. In addition, a novel missense mutation in the scd5 gene was identified in a large
family whose members were diagnosed with hearing loss of autosomal dominant inheritance
[91]. Although the molecular mechanisms by which SCD5 activity modulates the auditory
pathways are unknown, the desaturase may be essential not only for the integrity and
functionality of spiral ganglion cells in the cochlea [91] but also for the auditory processes in
brain cells, which express high levels of SCD5 [89].

d) Pulmonary hypertension.

The expression of SCD5 was found elevated in lymphocytes from patients with vasodilator-
responsive pulmonary artery hypertension when compared to the non-responsive phenotype
[92], indicating the desaturase may be implicated in the mechanisms of hypertension. This
study also suggests that the detection of SCD5 in peripheral blood, in conjunction with other
genes identified in the study, could be utilized as a tool to more efficiently diagnose and
treat pulmonary arterial hypertension. Interestingly, in the same patient group, increase in
the expression of DSGZ, a desmosomal cadherin involved in Wnt/B-catenin signaling, was
also observed [92]. Since desaturase activity, by providing substrate for protein acylation,
has been linked to mechanisms of Whnt activation, further investigations should provide more
concrete evidence on a functional association of SCD5 and Whnt activity in pulmonary artery
hypertension.

7. Concluding remarks

Despite significant advances in the research of SCD5 in different mammalian organisms
in later years, many aspects of the structure, nutritional and hormonal regulation of this
desaturase, as well as its biological functions, remain to be elucidated. Unlike SCD1,
which is exquisitely sensitive to variations in nutritional composition and caloric levels

of diets, as well as hormonal status, SCD5 has been shown, so far, to exhibit a lack of
responsiveness to changing levels of dietary fatty acids and circulating factors. However,
future studies will conclusively answer the question of whether SCD5 expression and
activity are susceptible to fluctuations in nutritional, hormonal, and environmental factors
or, as it has been hypothesized, this enzyme expresses a more constitutive A9-desaturating
activity that is required to preserve essential metabolic and biological functions in cells.
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Published data suggest that, similarly to SCD1, SCD5 activity is mechanistically connected
to metabolic and signaling pathways that promote proliferation and survival, and inhibit
differentiation, at least in some cell types (Figure 5). However, an elevated MUFA-to-SFA
ratio, caused by an increase in either SCD1 or SCD5 expression, was shown to both
activate and deactivate signaling pathways, such as EGFR-mediated Akt and ERK kinases,
and Wnt [32, 38, 66, 67, 93, 94]. Additional studies are required for establishing whether
the desaturases exhibit unique cell-, tissue- and organism-specific roles in the regulation
of different signaling pathways. The implication of SCDs in the modulation of signal
transduction pathways that are essential for development suggests a potential role for these
enzymes, in particular SCD5, in promoting morphogenetic events that are critical for the
differentiation of the nervous system and craniofacial structures in the developing embryo.
Redundancy in the activities of SCD isoforms, together with the lack of a murine SCD5,
has prevented a more definitive conclusion regarding the participation of SCD5 during
mammalian development. While redundancy may pose a limitation to mouse studies, other
experimental models, such as the chick embryo, could provide valuable information on
the role of the enzyme during development. The SCD5 variant expressed in Gallus gallus
share similarities with the human SCD5, accounting for 85.3% of identity (Figure 2),

and, similarly to human SCD5, expression of chicken SCD5 was the highest in brain and
pancreas [25]. Since chick embryo is an established model for developmental studies, it
could be a suitable model to explore potential mechanisms by which endogenous SCD5
participates in the process of morphogenesis.

Finally, clinical and epidemiological studies have not, so far, addressed a possible
relationship between abnormal levels of SCD5 and the onset and progression of diseases.
Further studies should focus on establishing the specific roles of SCD5-derived metabolites
in the regulation of biosynthetic, bioenergetic, and signaling pathways required for cell
proliferation, growth, and differentiation, as well as in organ development, particularly

in the central nervous system. SCD5 may, therefore, represent an attractive new target

for preventive and therapeutic interventions in a number of diseases, including cancer,
congenital malformations, as well as Alzheimer’s disease, and other neurodegenerative
conditions for which effective treatments are lacking. While some potent small molecule
inhibitors of SCD1 activity have been generated [95, 96], no specific pharmacological
inhibitors of SCD5 activity are currently available, a situation that poses a significant
challenge for the study of SCD5 as a target in disease treatment. Further research tackling
the unknown molecular and biological aspects of SCD5, as well the development of SCD5-
specific blockers, will provide the necessary validation for a potential use of SCD5 as a
useful therapeutic target.
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Highlights:

. SCD5, a second fatty acid A9-desaturase isoform present in a number of
vertebrates, including humans, is predominantly expressed in fetal brain, and
in adult brain and pancreas.

. SCDS activity stimulates biological mechanisms that induce cancer cell
proliferation and inhibit cell differentiation.

. SCD?5 is involved in the control of signal transduction mechanisms that
modulate cell proliferation and differentiation, as well as organ development.

. Alteration in the expression of SCD5 is associated with cancer, neurological
and developmental diseases.
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Palmitoyl-CoA(C16:0) Palmitoleyl-CoA (C16:1)
Stearoyl-CoA (C18:0) Oleoyl-CoA (C18:1)
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Figure 1. Stearoyl-CoA desaturase reaction.
Mammalian stearoyl-CoA desaturases (SCD), including human SCD1 and SCD5, catalyze

the A9-desaturation of saturated long chain acyl-CoAs, mainly 16-carbon palmitoyl-CoA
and 18-carbon stearoyl-CoA, yielding palmitoleoyl-CoA and oleoyl-CoA, respectively. For
this reaction, the desaturase uses electrons are donated by NAD(P)H via cytochrome 65
reductase and cytochrome 5. The final acceptor of the electrons is molecular O,, with the
reaction producing H,O as an additional catalytic product.
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Figure 2: Protein sequences of SCD1 and SCD5.
A) Alignment of sequences of human SCD1 and paralog SCD5 from four different

species using Clustal Omega program in UniProt. The asterisk denotes positions which

have a single, fully conserved residue (dark highlight). While colon denotes conservation
between groups of strongly similar properties (gray highlight), period indicates conservation
between groups of weakly similar properties (light gray highlight). Overall, the degree of
conservation among the five proteins is 47%. B) Tree depicting relationships among proteins

aligned in section A.
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Biochim Biophys Acta Mol Cell Biol Lipids. Author manuscript; available in PMC 2022 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Igal and Sinner Page 21

Relative abundance of hSCD transcripts

[l SCD1 expression
B SCDS5 expression

Adipose tissue
Liver

Spinal cord
Heart muscle
Breast
Cerebral cortex
Lung

Adrenal gland
Ovary

Testes
Epididymis
Pancreas
Thyroid gland
Kidney
Seminal vesicle

Tissue

0 100 200 300
Consensus normalized expression

Figure 3. Expression of human SCD1 and SCDS5 in tissues.
Relative expression of SCD1 and SCD5 in several human tissues (adapted from Human

Protein Atlas, www.proteinatlas.org). Data represented in graph is based on RNA-seq data
from Human Protein Atlas and the Genotype-Tissue Expression project, as well as CAGE
data from FANTOMS project.
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Figure 4. Potential mechanism by which SCD activity modulates Wnt signaling activity.
Whnt ligands are lipid-modified molecules that are acylated in the endoplasmic reticulum of

secretory cells with monounsaturated palmitoleic acid (16:1). SCD1, and possibly SCD5,
mediates the desaturation of palmitic to palmitoleic acid, providing the substrate for the
O-acyl-transferase Porcupine (Porcn) that acylates Wnt ligands. The acylation is critical for
Whnt release from secretory cells (left) by the cargo receptor Wis (Wntless), and for inducing
signaling activity upon binding to receptors in the target cell (right). While a role of SCD1
in Wnt3a synthesis and signaling has been established, SCD5 could also participate in the
mechanisms of synthesis and signaling of Wnt ligands, including Wnt5a. HSPG: Heparan
sulfate proteoglycan; ROR2: Receptor tyrosine kinase like orphan receptor 2; FZD: frizzled
class receptor; LRP5/LRP6 LDL receptor related protein 6/ protein 5.
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Figure 5. Proposed model for the implication of SCD5 activity in pathobiological mechanisms of
disease.

Excess SCD5 expression evokes a chronically greater ratio MUFA-to-SFA in cells,

with consequent alterations in key metabolic and signaling pathways involved in cell
proliferation, differentiation and survival. While the molecular mechanisms by which SCD5
is linked to developmental and neurological pathologies, as well as in and cancer, remain

to be elucidated, human genetic data and experimental studies suggest that abnormal SCD5
may be implicated in the onset and progression of disease.
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