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Abstract

KISS1, a metastasis suppressor gene, has been shown to block metastasis without affecting primary tumor formation. Loss
of KISS1 leads to invasion and metastasis in multiple cancers, which is the leading cause of cancer morbidity and mortal-
ity. The discovery of KISSI has provided a ray of hope for early clinical diagnosis and for designing effective treatments
targeting metastatic cancer. However, this goal requires greater holistic understanding of its mechanism of action. In this
review, we go back into history and highlight some key developments, from the discovery of KISS1 to its role in regulating
multiple physiological processes including cancer. We discuss key emerging roles for KISS1, specifically interactions with
tissue microenvironment to promote dormancy and regulation of tumor cell metabolism, acknowledged as some of the key
players in tumor progression and metastasis. We finally discuss strategies whereby KISS1 might be exploited clinically to

treat metastasis.
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Introduction

KISS1, originally discovered as a metastasis suppressor,
has now burgeoned to having roles as diverse as regulat-
ing fertility, reproduction, metabolism and social behaviour
[1-7]. It all started as an exploratory study in 1996, when
our laboratory, then based at the Pennsylvania State Univer-
sity College of Medicine in Hershey, set about identifying
gene(s) that block metastasis in melanoma cells. Deletions
and rearrangements on chromosome 6 associated with mela-
noma progression and metastasis, compelled introduction
of full-length chromosome 6 in metastatic melanoma cell
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lines using microcell-mediated chromosome transfer [8].
The resulting hybrids were suppressed for metastasis with-
out blocking primary tumor growth. These observations
and subsequent studies—which are discussed in subsequent
sections—Iaid the foundation to the discovery of KISSI [9,
10]. The name KISS1 was a tribute to the place it was dis-
covered—the home of Hershey’s chocolate “Kisses”. Stud-
ies have shown loss of KISS! to be associated with tumor
progression and metastasis in multiple but not all cancers
[11-13].

Shortly thereafter, an orphan G-protein coupled receptor
(GPCR) sharing significant sequence homology with gala-
nin receptors was identified in rats and was named GPR54
[14]. In 2001, a significant breakthrough changed the face
of KISS1 biology, three labs independently showed that
KISS1 is cleaved to smaller peptides of different molecu-
lar weights and GPR54 was the natural receptor for these
peptides [15-17]. The KISS1-derived peptides were named
kisspeptins (KP)—KP54, 14, 13 and 10 depending on the
number of amino acids in the peptide chain. Among these,
KP54 was originally named metastin, a reflection on its
anti-metastatic function [18]. With subsequent discover-
ies attributing a myriad of other functions to metastin, the
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name KP54 has now become the generally accepted standard
nomenclature.

Interestingly, KP are not the only peptide products
derived from KISS1. KP10 is further cleaved by matrix
metalloproteinases (MMP) resulting in removal of the C-ter-
minal amidated end containing the tripeptide Leu-Arg-Phe-
NH, [19]. This new cleavage product is termed as kissorphin
(KSO). KSO can be further modified by amidation at the
C-terminus, a characteristic of many bioactive neuropeptides
[20]. KSO shares sequence similarities with neuropeptide
FF (NPFF) and activates NPFF receptors. KSO inhibits for-
skolin-mediated release of cyclic adenosine monophosphate
(cAMP) and possibly have neuroprotective roles [21, 22].
KSO does not interact with nor activate KISS1R signaling
pathways involved in release of gonadotrophins. The iden-
tification of KSO suggest the probability of the presence of
additional KISS1-derived peptides, some of which will be of
equal size but derived from different regions of KISS1 pro-
tein (Table 1 lists the nomenclature of known KISS1 derived
peptides). We therefore recommend a naming convention,
with all KISS1-derived peptides termed as KP irrespective
of their size or the method of generation. We also recom-
mend naming KP by position, not size, to reduce confusion
in the future. Nonetheless, in this review, we will utilize
current nomenclature to minimize confusion.

Establishment of a consensus naming convention has
already been adopted for the so-called KISS1 receptor.
Originally the orphan receptor (GPR54), it is now known
as KISS1R to reflect its now-defined function [18]. The
KISS1R pathway has been implicated to be one of the routes
for mediating the anti-metastatic effect of KISS1 metastasis
suppression [11, 12, 23]. Interestingly, these studies con-
comitantly reported high levels of KISS1 in specific brain
tissues and in select other peripheral tissues and organs, e.g.,
the pancreas, placenta, liver, kidney and the gonads [16, 17,
24, 25]. These unexpected observations laid the foundation
for later discoveries on varied physiological roles for KISS1.
In this review, we focus on the role of microenvironment
in the KISSI/KISSIR system with specific emphasis on its
anti-metastatic role.

KISS1 regulation of physiological processes

In 2003 interest in KISS1 peaked when two laboratories
independently showed that patients with isolated hypo-
gonadotropic hypogonadism—a condition characterized
by reduced levels of pituitary gonadotrophins and steroid
hormones leading to failure of puberty and reproductive
defects—presented inactivating mutations and deletions of
the KISSIR gene [26, 27]. KISSIR knockout mice recapitu-
lated the reproductive defects observed in humans and acti-
vating mutations in KISSIR resulted in precocious puberty
in both rats and humans [28-30]. Furthermore, mice lack-
ing KISS1 displayed a similar phenotype as KISSIR knock-
out mice with failure or delayed pubertal development and
concomitant reproductive defects [28]. The first reported
mutations in the human KISS/ gene showed clinical mani-
festations which broadly mimicked those observed with
KISSIR gene deletions/mutations [31, 32]. In summary,
KISS1-KISS1R axis is a gate keeper or a permissive signal
for puberty and sexual maturation and its disruption leads
to sterility and reproductive defects.

KP are now considered critical players in the hypotha-
lamic—pituitary—gonadal (HPG) signaling axis. KP produced
by so-called KISS1 neurons in the hypothalamus stimulate
gonadotropin-releasing hormone (GnRH) neurons in the
hypothalamus by binding to neurons expressing KISS1R.
GnRH neurons release GnRH, which stimulates the release
of gonadotrophins—follicle stimulating hormone (FSH) and
luteinizing hormone (LH)—from the pituitary gonadotropic
cells [5, 30]. FSH and LH then regulate the secretion of sex
hormones from the ovaries and testes and production of eggs
and sperm contributing to onset of puberty and sexual matu-
ration. This has been supported by several studies where
exogenous treatment with KP stimulated release of GnRH
and treatment with KISS1R antagonist peptide-234 blocked
the surge of gonadotrophins [12, 33-38].

The KISS1-KISS1R system is not limited to mammals
and is present across non-mammalian vertebrates stretching
from fishes to reptiles pointing to conserved roles for the
KISS signaling [38]. In mammals, only one gene for KISS/

Table 1 Nomenclature of

. Derivative Abbreviation  Parent  Peptide sequence (one letter code) Amino acid
curre.:ntly known' KISSI der}ved positions in
peptides and their amino acid KISS1
positions in the parent KISS1
protein Kisspeptin-54 ~ KP54/KP-54  KISS1  GTSLSPPPESSGSPQQPGLSAPHSRQI- 68-121

PAPQGAVLVQREKDLPNYNWNSF-

GLRF
Kisspeptin-14 ~ KP14/KP-14  KP54  DLPNYNWNSFGLRF 108-121
Kisspeptin-13 ~ KP13/KP-13  KP54  LPNYNWNSFGLRF 109-121
Kisspeptin-10  KP10/KP-10 KP54 ~ YNWNSFGLRF 112-121
Kissorphin KSO KP10  YNWNSF 112-117

@ Springer



Clinical & Experimental Metastasis (2020) 37:209-223

211

and one for KISSIR have been reported; however, non-mam-
malian vertebrates have two KISS (KISS/ and KISS2) and
four KISSIR coding genes, with some amphibians express-
ing three forms of the KISS gene [38]. KISSI and its paralog
KISS?2 are generally well conserved across species; however,
they share minimal amino acid sequence similarity. Differ-
ent forms of KISSIR, however, share significant sequence
homology across species. Synteny analysis shows KISS
was duplicated before divergence of sarcopterygians and
actinopterygians. The KISS2 paralog was however lost in
placental mammals [38—40]. Neuronal in situ hybridization
in fishes showed high KISS7 mRNA expression in habenula
and hypothalamic regions and KISS2 mRNA expression in
the posterior tuberal nucleus and hypothalamic regions of
the brain [40, 41]. KP derived from KISS1 regulate GnRH
levels, albeit with different potencies. KP also control puber-
tal onset and serve as a link on environmental control of
reproductive behavior in fishes. These observations strongly
imply a role for KP signaling in regulating reproductive
behaviour in non-mammalian vertebrates.

KP also profoundly impact puberty and reproduc-
tive behaviour in mammals apart from humans, including
rodents, primates and ruminants [42—44]. The mechanism
of KP secretion and its regulation of puberty varies from
species to species. The entire HPG axis is regulated via
positive and negative feedback loops influenced by the sex
steroids and controlled by multiple environmental and met-
abolic cues [2, 3, 45]. Interestingly, sex differences influ-
ence the distribution and number of KISS1 neurons, with
females having many more KISS1 expressing cells [43].
Exposure to different sex hormones during development
and sexual maturation possibly contributes to these varia-
tions. In female rats and sheep, estrogen signaling plays a
key role in release of gonadotrophins by regulating KISS1
expression on arcuate hypothalamus (KISS14R*%). Estrogen
strongly suppresses KISS1 release from KISS14RH neu-
rons during the pre-pubertal period, an increase in KISS1
levels at puberty coincides with loss of inhibitory effect
of estrogen on these neurons [44]. However, in primates,
estrogen-dependent suppression of gonadotropin secretion
occurs just before puberty onset in monkeys. Thus, the cen-
tral mechanism inhibiting GnRH/gonadotropin secretion in
primates appears to differ from that in rodents and sheep
[44]. Plasma KP have been observed at very high concen-
trations in pregnant women reaching 200-fold higher levels
in the third trimester [5, 30, 42]. KP have been shown to be
key regulators in ovulation, follicular maturation, embryo
implantation, inhibiting trophoblast invasion and placental
angiogenesis [37, 44, 46, 47].

KISS1 neurons are also critical components of the hypo-
thalamic circadian oscillator network and are central to
balancing metabolic requirements and behaviour [1, 45,
48]. KISS1 neurons in the KISS14RH regulate food intake,

metabolic activity and the circadian cycle in mouse models
[1]. This observation is critical since reproductive events and
pregnancy depend upon substantial energy reserves which
require coordinated signaling between neurons controlling
food intake and energy levels with neurons regulating repro-
ductive behavior. Loss of KISS1*RH neurons shifts circadian
rhythms affecting food consumption, physiological behav-
iour and pulsatile release of GnRH, contributing to fertility
disorders [1]. Results from a recent whole-body knockout
of KISSIR in mice resulted in hypogonadism, as expected.
However, female, but not male, mice were obese and exhib-
ited adiposity and metabolic shifts [49]. The sex differences
highlight how KISS1/KISS1R signaling works in concert
with other systems in cells and physiologically to elicit com-
plex traits, some of which will be elaborated below.

KP tend to be higher in type 2 diabetes mellitus (T2DM)
patients, where they suppress pancreatic  cell insulin secre-
tion [50]. Interestingly, the antagonistic hormone glucagon
inhibits insulin secretion in pancreatic f cells by upregu-
lating hepatic production of KISS1 via the cyclic AMP-
Protein Kinase A (cAMP-PKA) pathway, independent of
hepatic glucose production and hyperglycaemia [50]. The
KP released by hepatocytes directly interacts with KISSIR
in the pancreatic islet p-cell, leading to impairs insulin pro-
duction. Furthermore, circulating KP at nanomolar concen-
trations inhibits glucose stimulated insulin secretion (GSIS)
in P cells. However, KP at higher micromolar concentrations
stimulates GSIS, possibly through effects independent of
KISSIR indicating a dose-dependent difference in KISS1
regulation of GSIS [50]. KISS1 has also been shown to
impact estrogen-dependent skeletal homeostasis and moti-
vational drive for palatable food in females and modulat-
ing fear responses in zebrafish suggesting it may be a link
between environmental, metabolic events to reproductive
behavioural patterns [2, 3, 7, 45, 50]. For a gene family that
was first discovered as regulating metastasis, it has tran-
scended well beyond this field having impact on multiple
physiological processes that would not have been envisioned
at the time of its discovery.

KISS1 as a metastasis suppressor

Metastasis suppressors are a family of genes that inhibit
the metastatic spread of cancer without blocking primary
tumor formation. Therefore, they are critical regulators of
the metastatic process/cascade [51]. Currently, there are
over 30 functionally verified metastasis suppressors that
block various steps in the metastatic cascade, from tumor
cell invasion to colonization, preventing development of
metastasis [52, 53]. The mechanisms of action of many of
these genes are still largely unknown. If metastasis suppres-
sor functions could be translated into clinical use, they could
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increase survival and quality of life for many cancer patients
[51, 54, 55].

The KISSI gene was initially thought to reside on chro-
mosome 6 since that was the genetic defect that was repaired
by microcell-mediated chromosome transfer. Surprisingly
however, KISS1 was mapped on the long arm of chromo-
some 1 (1g32). Eventually KISS/ was shown to be regulated
by protein products of two genes, Thioredoxin Interacting
Protein (TXNIP also known as vitamin D Upregulated Pro-
tein 1 (VDUPI) or Thioredoxin Binding Protein 2, present
on chromosome 1) and Cofactor Required for SP1 activity 3
(CRSP3, also known as vitamin D receptor interacting pro-
tein, located on chromosome 6). Indeed, it was CRSP3 that
was deleted on chromosome 6 in the first experiments that
ultimately led to the discovery of KISS/. Studies have shown
CRSP3 indirectly upregulated KISS1 levels by directly mod-
ulating TXNIP expression. Loss of CRSP3 was accompanied
by reduction in KISS1 expression in melanoma cell lines
[9, 24, 56].

Full-length human KISS1 is a 145 amino acid protein
with a central hydrophobic core, an N-terminal secretion
signal sequence and three pockets of dibasic residues of
arginine-lysine (R%°-K), arginine-arginine (R®-R) and
lysine-arginine (K'**-R) interspersed along its length. The
calculated size of the protein is around 15.9 kDa. KISS1
was determined as an intrinsically disordered protein lacking
secondary/tertiary structure in its entirety, largely extended
and without any significant presence of local conforma-
tional preferences, making it difficult to predict functional
domains within the protein [57-59]. Following the discov-
ery of KISSIR and KP, it was acknowledged that KISS1 is
cleaved into multiple bioactive peptides and each of these
peptides are ligands for KISS1R where they activate or
inhibit multiple signaling pathways. Through these discov-
eries an understanding of the mechanism of action of KISS1
was also inferred. KISS1 is constitutively secreted by cells to
the surrounding microenvironment and secretion is essential
for its anti-metastatic effect as was demonstrated in studies
where tumor cells lacking KISS1 secretion signal sequence
were able to successfully metastasize [60]. Interestingly, the
processing of KISS1 to KP by the enzyme furin occurs only
after secretion, the reasons for which are still not completely
clear [61]. KISS1 was also shown to interact extracellularly
with proMMP2/9 specifically through cysteine 53 suggesting
an involvement of MMPs in KISS1 cleavage [19].

Role and regulation of KISS1 in multiple
cancers
KISSI has been identified as a bona fide metastasis sup-

pressor gene in melanoma, mesothelioma, pancreatic,
nasopharyngeal, ovarian, gastric, colorectal, endometrial,
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bladder, renal, head and neck and esophageal cancers [34,
62-75]. The data on the role of KISSI-KISS1R axis in
breast, hepatocellular and thyroid cancer is not conclusive
with both pro-and anti-metastatic actions reported [23, 64,
76, 77]; however, there are suggestions that cancer subtype
may be a key variable in KISS1 activity. Studies supporting
an anti-metastatic role for KISS1 signaling showed KISS1
expression restricted angiogenesis in tumor xenografts
of mice with MDA-MB-231 triple negative breast cancer
(TNBC) cells, sensitizing them to oncolytic therapy [78].
Furthermore, KISS1 expression reduced brain metastasis
in these xenografted mouse models with MDA-MB-231
cells by downregulating pro-angiogenic factors secretion
and inhibiting vesicular recycling of epidermal growth fac-
tor receptor (EGFR) [79]. KISS1 expression also inhibited
melatonin induced invasion in MDA-MB-231 cells [80].
Contrasting these observations, KISS1 and KISS1R expres-
sion promoted invadopodia formation in in vitro assays in
TNBC MDA-MB-231 and Hs578T cells by inducing EGFR
transactivation and increasing ERK1 levels [81-84]. How-
ever, a similar effect of KISS1 was not observed in estro-
gen and progesterone positive T47D breast carcinoma cells
[83]. Similarly, TGFp, a promoter of metastatic phenotype,
strongly induced KISS1 mRNA levels in multiple TNBC cell
lines, while having no effect on ER positive cell lines. Fur-
thermore, KISS1 was found to be a direct downstream target
of canonical TGFp/Smad2 pathway and promoted motility,
invasion and drug resistance in TNBC cells [85, 86].

Interestingly, estrogen receptor (ER) expression was
inversely related to KISS1 levels several breast cancer cell
lines, TNBC cells having no ER expression showed mod-
erate to high levels of KISS1 depending on the cell type.
MDA-MB-231 cells on introduction of estrogen receptor
alpha (ERa) showed a significant reduction in KISS1 expres-
sion. Furthermore tamoxifen (TAM) treatment significantly
increased KISS1 levels in ERa positive MCF7 and T47D
breast cancer cells [83]. However, in breast tumors, both
ERa negative and positive, a variable increase in KISS1
expression was observed with tumor grade, complicating
the interpretation for a direct link between ER and KISS1 in
breast cancer [83, 84]. With a strong ER signaling in breast
cancer and in regulation of KISS1 levels, future follow up
studies will help draw mechanistic insights on their role in
breast cancer metastasis.

Elevated KISS1 levels in hepatocellular carcinoma (HCC)
correlated with tumor aggressiveness [33, 87]. However,
reports also show KISS1 inhibiting metastasis in HCC by
downregulating MMP-9 activity [88]. KISS1 and hypoxia
inducible factor-1o (HIF-1a) showed an inverse relation-
ship in HCC, with low KISS1 expression correlating with
high HIF-1a levels. Since the role of HIF-1a in promot-
ing tumor angiogenesis and invasion is well known, it is
plausible KISS1 may be inhibiting invasion and metastasis
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by downregulating HIF-1« levels [89]. In thyroid cancers,
increased KISS1 expression correlated with tumor invasion
to extrathyroidal tissues, however, a decreased expression
of KISS1R was tumor progressed was enough to attenuate
KISS1 signaling [77, 90]. Future work on the role of the
KISS1-KISSIR signaling in these cancers as a whole and
an understanding of the molecular mechanisms will possibly
help shed light on these contradictory observations.

A pro-metastatic role for KISS1 was observed predomi-
nantly in TNBC and HCC. The former is hormone receptor
deficient and, perhaps the difference in behavior of TNBC
cells may be associated with interactions of KISS1 with
hormone-responsive populations. The clinical findings that
KISS1 is associated with worse prognosis in some reports
for patients with HCC may be associated with KISS1’s asso-
ciations with metabolism regulation and the liver’s central
role in body metabolism [45, 48, 50]. Not unexpectedly,
KISS1/KISS1R roles in metastasis without blocking pri-
mary (orthotopic) tumor growth de facto imply that KISS1/
KISS1R are sensors of the environment. It stands to reason,
then, that both molecules cooperate with other sensors to
alter cellular behavior. Further, it should be anticipated that
defects in KISS1-KISS1R axis yield cell- and microenvi-
ronment-specific phenotypes. The multifaceted and multi-
factorial nature of metastasis regulation must await a more
detailed defining of relevant signals.

Multiple microRNA (miR) and long non-coding RNA
(IncRNA) regulate KISS1 expression, some acting directly
on KISS1 and others indirectly through intermediate players
[91]. Induction of miR-345 by CXCL12 produced by astro-
cytes inhibited KISS1 expression and suppressed metastasis
of the brain metastatic breast cancer cell line MDA-MB-
231Br [92]. MiR-21 and miR-3648 downregulated transcrip-
tion factor 21 (TCF21)-KISS1 axis and promoted invasion
and metastasis in multiple renal and bladder cancer cell lines
[93,94]. TCF21, a basic helix-loop—helix protein also sup-
pressed invasion and metastasis of human esophageal car-
cinoma cell line KYSE510 and melanoma cell line C8161
by binding to KISS1 promotor and upregulating its expres-
sion [65, 95]. WASF3 a Wiskott-Aldrich cytoskeletal protein
was shown to promote invasion and metastasis in MDA-
MB-231 breast cancer cells by downregulating KISS1. This
released the inhibitory effect of KISS1 on IkBa on NF-xB,
which in turn activated pro-invasion genes such as various
MMPs and ZEB1 [96, 97]. Activation of ZEB1 led to the
downregulation of E-cadherin and upregulation of metas-
tasis promoter miR-200 family of genes [36]. MiR-199b
inhibited metastasis of SW620 colorectal carcinoma cell
line by directly downregulating the histone deacetylase, sir-
tuin (SIRT1) leading to the subsequent activation of KISS1
[98]. The long non-coding RNA, LncRNA TP73-AS1 was
reported to promote renal carcinoma invasion and metastasis
in ccRCC cells by downregulating KISS1 expression [99].

Long noncoding RNA TC0101441 induced epithelial-mes-
enchymal transition in epithelial ovarian cancer metastasis
by downregulating KISS1 levels [100]. Long non-coding
RNA MNX1-AS1 promoted osteosarcoma proliferation and
invasion via inhibiting KISS1 expression [101]. Similarly,
IncRNA LUCAT1 promoted prostate cancer invasion and
migration by inhibiting KISS1 expression in PC-3 prostate
cancer cells [102].

Mammalian relative of Dnal long isoform (MRJ(L)) sup-
pressed invasion and motility in MDA-MB-231 and MDA-
MB-435 breast cancer cells by upregulating secreted lev-
els of KISS1 [103]. KISS1 was epigenetically silenced in
RT4 bladder cancer cell line by Ubiquitin-like with PHD
and RING finger domains 1 (UHRF1), resulting in promo-
tion of invasion and metastasis [104]. Interestingly, UHRF1
downregulated peroxisome proliferator-activated receptor
gamma (PPARG), a central player in cellular metabolism,
connecting KISS1 to cellular metabolism [105].

KISS1 regulation of cellular signaling

Depending upon the cancer type, KISS1 and KP affects sign-
aling through pathways leading to changes in angiogenesis,
immune responses, cellular differentiation and proliferation
(Table 2 lists the mechanism of KISS1 signaling in multiple
cancers). A well-studied signaling pathway is the regula-
tion of intracellular calcium levels and activation of protein
kinase C (PKC) [63, 106]. KP binding to KISSIR results
in the hydrolysis of phosphatidylinositol (4,5)-bisphosphate
(PIP,) by phospholipase C (PLC) leading to the generation
of a water-soluble moiety inositol (1,4,5)-trisphosphate (IP5)
and the lipid soluble diacylglycerol (DAG). IP; modulates
release of calcium from intracellular stores such as the endo-
plasmic reticulum regulating the activity of several calcium
binding proteins, increasing stress fiber formation, reducing
cell motility and chemotaxis and inducing apoptosis [107].
Calcium and DAG also combine to activate PKC, resulting
in receptor desensitization, inhibition of epithelial to mes-
enchymal transition (EMT) by reducing SLUG transcrip-
tion factor expression, increased E-cadherin expression and
activation of protein kinase D1 (PKD1), all associated with
the anti-metastatic effect of KISS1 [108, 109].

KISS1 reduced p50/p65 NF-kB interaction with the
matrix metalloproteinase 9 (MMP-9) promoter by asso-
ciating with and preventing degradation of IkB. The dys-
regulated NF-kB pathway led to decreased MMP-9 levels
and reduced migration in MDA-MB 231 and MCF-7 breast
cancer cell lines without affecting proliferation in in vitro
assays [110]. A similar negative correlation between KISS1
and MMP-9 was also reported in non-small cell lung cancer
(NSCLC) patient samples [62, 69]. KP10 treatment sup-
pressed tumor growth in xenografted mice tumor models
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Table 2 Detailing the mechanism of action of KISS1/KISSIR in multiple cancer types

KISS1/KISS1R Function Mechanism of action

References

Breast Metastasis suppressor Inhibits EMT via PKD activation, NF-«kB activation, EGF mediated cell [72,76,79, 80, 103,
migration, EIF2AK2 activation, reduces CXCR4 chemotactic responses and 109, 116, 117]
suppresses angiogenesis, upregulates MRI(L) protein levels

Bladder Downregulates UHRF1 expression, upregulation of TCF-21 levels and inhibi-  [66, 93, 109]
tion of NF-kB and MMP-9 activities

Colorectal Downregulates MMP-9 activity, blocks PI3K—Akt and NF-kB pathways [70, 73]

Esophageal Reduced invasion, upregulation of TCF-21 levels and reversing EMT [65]

Endometrial Reduced invasion, inhibition of SDF-1 isoform expression [67]

Gastric Inhibits invasion, suppress MMP-9 expression, increases p38 activity and [74]
fB-catenin signaling

HNSCC Inhibits metastasis, increases sensitivity to platinum-based therapy [75]

Hepatocellular Inhibits Invasion and Metastasis, Inverse relationship with HIF-1ae and MMP-9  [88, 89]
signaling

Melanoma Inhibition of migration, invasion and colonization. Reverses Warburg effect, [10, 60, 71, 137, 138]
stabilizes PGCla levels, upregulation of TCF-21 expression, reversing EMT,
reduction of CXCR4 chemotactic responses

Mesothelioma Reduction in cell proliferation, migration and invasion. Decrease in MMP-2 and [143]

9 activities and inhibition of EMT

NSCLC Downregulates MMP-9 activity [62, 69]

Osteosarcoma Inhibits growth, invasion and metastasis, downregulates MAPK pathway [68]

Ovarian Reduced cell migration and invasion. Suppresses PKCa expression [63]

Pancreatic Reduced cell migration and invasion, activates ERK1 pathway [34, 130]

Prostate Reduces tumor growth, motility, invasion and metastasis, suppresses VEGF [108, 113, 114]
expression, blocks FAK and Rac/Cdc42 signaling pathways, resensitizes cells
to anoikis and silences SNAI2/Slug gene expression

Thyroid Suppressed migration, invasion and proliferation, inactivated NF-kB pathway [94]
and induced cellular apoptosis

Breast Metastasis promoter ~ Promotes invasion and metastasis. Promotes EGFR transactivation and invado-  [76, 81-86, 92]

podia formation, upregulated ERK1 levels, promotes drug resistance in tumor
cells and autophagy dependent survival mechanisms

Hepatocellular
Thyroid

Promotes invasion and metastasis
Promotes activation PI3K—Akt pathway [77]

[33, 87]

with MDA-MB-231 breast cancer cells and improved their
survival rate [111]. Furthermore, KP10 treatment suppressed
intratumoral growth of microvessels suggesting a role for
KP10 in inhibiting tumor angiogenesis. This was supported
by observations where KP10 administration reduced human
umbilical vein endothelial cell (HUVEC) migration, inva-
sion, and tube formation in chick embryo chorioallantoic
membrane angiogenesis assay [111]. KP10 administration
inhibited VEGF induced phosphorylation of c¢-Src and focal
adhesion kinase (FAK) in human umbilical vein endothelial
cell (HUVEC) cells, inactivating Rho GTPases, important
mechanisms for promoting angiogenesis, motility and inva-
sion [112, 113]. A similar inhibitory effect of KP10 on tumor
angiogenesis was reported in xenografted mice models with
PC-3 human prostate cancer cells [114]. KISS1 expression
also inhibited invasion in in vitro trans well migration assays
in LNCaP and PC-3 prostate cancer cells by reducing the
expression levels of Notch 1, an important promoter of
angiogenesis [114].

@ Springer

KISS1 activated the mitogen activated protein kinase
(MAPK) pathway, increased phosphorylation and activa-
tion of p53, triggering of apoptosis in MG-63 osteosar-
coma cell line [68, 115]. KP induced the RhoA mediated
activation of eukaryotic translation initiation factor 2a
kinase 2 (EIF2AK2) which was required for metastasis
suppression in human breast SK-BR-3, prostatic PC-3
and colorectal LoVo adenocarcinoma cells [116]. KP10
inhibited chemotaxis in CXCR4 expressing Chinese ham-
ster ovarian (CHO) and HeLa cells in response to ligand
CXCL12 leading to reduced invasion through Matrigel
[117]. The contradictory actions and the expanding list
of signaling events regulated by the KISS1-KISS1R axis
makes it sometimes difficult to interpret its mode of action.
However, what is apparent is that the KISS1/KISS1R axis
regulates diverse signaling cascades which are cell type-
specific, possibly influenced by myriad factors such as cel-
lular origin, genetic variations and the characteristics of
the tissue microenvironment.
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Role of microenvironment in KISS1
induction of dormancy

Tumor cell dormancy, more accurately long remissions
followed by recurrence has fascinated clinicians for a long
time [118]. With limited knowledge, a spate of lingering
questions has emanated such as, how tumor cells become
dormant? What factors contribute to dormancy and cell
survival? How do the tumor cells awaken from dormancy?
And whether keeping cells dormant or therapeutically
targeting dormant cells represent the best approach to
controlling and treating metastatic disease [119-122].
Answers to these questions are critical for a thorough
understanding of the process and for developing targeted
therapeutic approaches targeting these cells.

Cellular dormancy is regulated by a combination of
intrinsic and extrinsic factors. Several metastasis sup-
pressors including KISS1 have been shown to induce
tumor cell dormancy [53, 123]. Experimental metastasis
assays have shown that GFP-labeled KISS1 expressing
tumor cells disseminate via the vascular system but do
not proliferate at secondary organs. This strongly suggests
that KISS1 suppresses metastasis by promoting ectopic
dormancy in tumor cells [60, 124]. An intricate balance
in ERK/p38 levels plays a critical role in determining
the proliferative status of a cell with low ERK/high p38
levels promoting growth arrest and high ERK/low p38
leading to tumor cell proliferation. Several metastasis
suppressor genes induce tumor cell dormancy at ectopic
sites by increasing p38 activity [119, 125]. Interestingly,
the data on KISS1 is not conclusive, overexpression of
KISS1 inhibited growth and invasion of MG-63 osteosar-
coma cells by decreasing p38 signaling [68]. In stomach
cancers, however, KISS1 activates p38 MAPK signaling
in NUGC-3 and MKN-28 gastric cancer cells [126]. This
indicates variables such as cell type and cellular interac-
tion with the microenvironment or niche are probably key
factors influencing the role played by KISS1. Therefore, a
holistic analysis is required to understand this critical phe-
nomenon and in vitro assays with artificial environments
are insufficient in completely answering these questions.

KISS1 also inactivates the phosphoinositide 3-kinase
(PI3K)-AKT-mTOR pathway in multiple cancers, pos-
sibly contributing to tumor cell quiescence since this axis
has been strongly implicated in tumorigenesis and metas-
tasis [127]. ATF6a—Rheb—-mTOR signaling is critical to
survival of DTCs at ectopic sites, its possible KISS1 not
just keeps tumor cells quiescent but also may initiate the
process of their destruction. Future studies may provide
an answer to this hypothesis. Quiescence is reversible,
therefore DTCs may employ various survival means in
unfavorable conditions, hold out for microenvironment

changes fertile enough to revert back to growth and pro-
liferation [128]. For instance, this may involve activation
of autophagic pathways [129]. Autophagy, a cellular pro-
cess of “self-eating” to tide over unfavorable conditions
has been employed by DTCs to survive at ectopic sites
[92, 125]. Overexpression of KISS1 in brain metastatic
breast cancer cell line MDA-MB-231Br cells reduced
ATGS and ATG7 levels, key inducers of autophagy and
inhibited conversion of LC3-I to LC3-II which is criti-
cal to autophagosome formation [92]. Therefore, KISS1
overexpression leads to autophagy inhibition in MDA-MB-
231Br cells and possibly diminishes their survival chances
at ectopic sites. It remains to be seen if KISS1 regulation
of autophagy is the means to dormancy and subsequent
induction of cell death in DTCs is universal or restricted
to certain tumor types. An interesting aspect is that many
of the cell lines in which KISS1 suppressed metastasis
showed no detectable levels of KISS1R [12, 130]. Fur-
thermore, no anti-metastatic role for KISS1 was observed
in C8161.9 melanoma cells that were cultured in artificial
environment in a PuMA assay [131]. These observations
suggest additional regulatory mechanisms are involved
in mediating the anti-metastatic effect of KISS1 possibly
involving interaction with the tissue microenvironment or
the existence of other receptors to KISS1/KP (Fig. 1).
The presence of KISSIR positive stromal cells and
immune cells raises the possibility of some form of
communication between tumor cells and surrounding
cells of the microenvironment [12]. This may involve
possible paracrine signaling between DTCs expressing
KISS1 and stromal or immune cells expressing KISS1R.
Secreted KISS1/KP may interact with KISS1R on stro-
mal or immune cells of the microenvironment, which
then secrete some unknown factor(s) that then interact
reciprocally with the tumor cell, keeping it in a state
of dormancy. Support for this hypothesis comes from
observations in tumor cells expressing truncated version
of KISS1, lacking a secretion signal sequence. In these
tumor cells, wherein KISS1 protein is expressed but not
secreted, the anti-metastatic effect of KISS1 is blocked.
Identifying these factor(s) will be crucial in understand-
ing the mechanism of KISS1 mediated quiescence of
tumor cells. Interestingly, DTCs share several properties
with stem cells, viz. quiescence, activation and prolifera-
tion and its plausible they are regulated by similar signals.
Multiple factors such as growth-specific arrest protein 6
(GAS®6), lysophosphatidic acid (LPA) and transforming
growth factor p (TGFp) family of proteins like bone mor-
phogenetic protein 7 (BMP7), secreted from surrounding
osteoblasts and other stromal cells, have been reported to
induce dormancy in DTCs [119, 125]. A small popula-
tion of macrophages has been found to express KISS1R
and several studies have implicated tumor associated
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Fig. 1 Possible mechanisms by which KISS1 suppresses metastasis.
In in vitro models, KISS1 has been shown to prevent EMT, block
angiogenesis by downregulating key angiogenic factors like VEGF
and inhibit tumor cell invasion by reducing MMP2 and 9 activity and
thus preventing the reorganization of ECM. In in vivo models, KISS1
has been shown to inhibit DTC colonization and keep them in a state
of dormancy. The possible mechanism by which KISS1 may induce
dormancy may include—autocrine signaling: KISS1/KP could signal

macrophages and T-lymphocytes in cancer progression,
very little is known on their role in promoting DTC dor-
mancy [132, 133]. Whether KISS1 regulates the release
of dormancy factors from surrounding cells in the micro-
environment or if it has any influence on the immune
cells is still not determined.

This reciprocal interaction is also dependent on mul-
tiple factors like the organ type where the DTCs reside,
type of surrounding cells and their KISS1R expression
levels. This is supported by observations wherein, the
anti-metastatic effect of KISS1 varies depending on the
type of cancer. In some cases, KISS1 also assumes a pro-
metastatic role like in hepatocellular carcinoma and breast
carcinoma. Taken together, KISS1/KP mainly exerts its
anti-metastatic effect by keeping the DTCs in a dormant
state. This suggests there is window of opportunity to
keep tumor cells in a dormant state using exogenous
KISS1/KP therapy and possibly combine this with drug
treatments that specifically target dormant cells and elim-
inate them completely.
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through KISSIR or an as-yet unidentified alternative receptor in an
autocrine fashion to induce dormancy. Paracrine signaling: KP may
activate or induce stromal cells to produce secreted factors that may
(in)directly elicit dormancy in DTCs or manipulate the surrounding
microenvironment to induce dormancy in DTCs. It is possible both
autocrine and non-autocrine mechanisms may exist depending on the
tumor cell type and the presence/absence of KISSIR

KISS1 regulation of the microenvironment
through induction of metabolic changes

During the period of dormancy when a tumor cell remains
latent, the risk of recurrence depends on changes occurring
within both the tumor cell and the surrounding microen-
vironment. Metabolic changes play a critical role, with
quiescent cells in general exhibiting low metabolic rate
with more focus on survival. Cancer recurrence is associ-
ated with dormant cells becoming active and among many
other changes, adapting their metabolism for faster growth
and proliferation. These alterations occur in reciprocal
cohesion with changes in the microenvironment. They
include changes in cellular interactions, pH, recruitment
of immune cells and blood vessels, supply of oxygen
and changes in cellular biomechanics. Aerobic glycoly-
sis has been shown to be a key feature of tumor metab-
olism. Tumor cells often exhibit increased uptake glu-
cose and show a preference for glycolysis over oxidative
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phosphorylation (OXPHOS) for ATP, this has been termed
as the “Warburg effect” [134, 135]. The metabolic end
products, lactate and pyruvate are secreted and taken up
by surrounding tumor cells, a feed forward mechanism for
energy production for neighbouring tumor cells to carry
out oxidative metabolism. Regaining tumor initiating
capabilities is critical for DTCs to successfully establish
metastasis at ectopic sites, which they do by adjusting and
altering the metabolic environment at these distant sites.
Various pathways including glycolysis, OXPHOS, fatty
acid and amino acid metabolism have been implicated in
cancer metastasis [136].

KISS1 has been shown to play an important role in alter-
ing cell metabolism by decreasing aerobic glycolysis and
increasing OXPHOS and increasing mitochondrial biogen-
esis [137]. Interestingly, all these changes were observed
with only full-length KISS1 and not with KISS1 that lacks
the N-terminal signal peptide, suggesting a possible inter-
play between the tumor cells and the microenvironment
[137]. KISS1 reduces the acidification of extracellular
media, reduces glucose uptake and lactate secretion all con-
tributing to reversing the “Warburg effect” in tumor cells.
Apart from increasing mitochondrial biogenesis, KISS1
also upregulates several nuclear encoded mitochondrial
genes such as the chaperone factors, membrane polariza-
tion and small molecule import and export factors. KISS1
also upregulates the expression of two critical transcription
factors, mitochondrial nuclear respiratory factors (NRF1)
and mitochondrial transcription factor A (Tfam) which are
involved in regulating critical mitochondrial genes and in
mitochondrial genome replication [137].

KISS1 increased peroxisome proliferator-activated recep-
tor gamma coactivator la (PGCla) protein levels by protect-
ing it from proteasomal degradation and therefore stabiliz-
ing its protein levels [137]. PGCla, a master regulator of
mitochondrial biogenesis controls several metabolic events,
fatty acid synthesis and oxidation, progression through cit-
ric acid cycle and OXPHOS. In KISS1 expressing tumor
cells, PGCla was found to inhibit fatty acid synthesis and
promote beta oxidation through AMP kinase (AMPK) based
inhibition of acetyl Co-A carboxylase (ACC), leading to
decreased fatty acid synthesis and increased beta oxidation.
Furthermore, PGC1la was found to mediate many of KISS1’s
metabolic effects and importantly was found to control the
anti-metastatic effects of KISS1 since knockdown of PGCla
reversed all the metabolic changes induced by KISS1 and
restored a metastatic phenotype. KISS1 also inhibited the
mitochondrial hexokinase-II (HKII) leading to increased
apoptosis [138]. Taken together, KISS1-expressing cells
have increased mitochondrial mass, reduced utilization of
glucose and a shift from aerobic glycolysis towards mito-
chondrial respiration and OXPHOS, increased pH of the
extracellular microenvironment possibly due to decreased

secretion of lactic acid. Importantly all the changes are
reversed when KISS1 secretion to the extracellular environ-
ment is blocked. Therefore, a possible manipulation of the
microenvironment by KISS1 resulting in altered metabolism
of tumor cells at ectopic sites and vice versa represents a
potential new connection linking microenvironment, metab-
olism and establishment of metastasis.

Microenvironment may influence KISS1
anti-metastatic role

It has been assumed that KP interaction with KISSIR was
essentially the only mechanism through which KISS1 sup-
pressed metastasis. Initial observations presented an auto-
crine signaling loop between KISS1/KP ligand and KISS1R
receptor. However, of the several cell lines where KISS1 had
an anti-metastatic effect, many of them showed no detectable
levels of KISSIR expression. This suggests that metastasis
suppression by KISS1 does not occur solely via autocrine
signaling through KISSIR. It is possible alternate routes
exist for KISS1 anti-metastatic function, either through
KISS1R expressed in neighbouring stromal cells (paracrine
signaling) such as the cancer associated fibroblasts (CAF),
immune cells like the macrophages or by KP signaling via
a yet unknown receptor. This is further supported by lack of
conclusive in vitro assays mimicking in vivo anti-metastatic
effect of KISS1 observed in mouse models [131]. A reason-
able understanding exists on the KP/KISS1R axis in regulat-
ing puberty and reproductive behaviour across species. It is
therefore imperative to delineate these “other” pathways to
gain a comprehensive understanding of KISS1 function as a
metastasis suppressor and in order to develop a broad thera-
peutic strategy for treatment of metastatic cancers resulting
from loss of KISS1 function.

KISS1 a potential therapeutic

The KISS/KP-KISS1R axis has been considered as an attrac-
tive therapeutic target, not only in cancers but also for treat-
ment for physiological disturbances due to aberrant KISS1
signaling. This can be attributed to the small size of KP, low
immunogenicity and limited side effects. Plasma levels of vari-
ous KP and KISSIR levels have served as prognostic mark-
ers for tumor progression [139]. KISS1 expression increased
the sensitivity of head and neck squamous cell carcinoma
(HNSCC) and non-small cell lung cancers (NSCLC) to cispl-
atin therapy by mechanistically altering apoptotic and meta-
bolic pathways in response to cisplatin [140]. Both chemically
synthesized KP analogs and natural KP have been tested as
anti-cancer therapeutics in animal models and in humans for
restoring reproductive defects, very much comparable to the
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use of insulin for diabetics [141]. The results have been prom-
ising, KP administration restores near normalcy for reproduc-
tive defects in humans and reduces invasion and metastasis
in preclinical models of cancers and cell lines [29, 142, 143].

In tumor cells lacking KISSIR but with anti-metastatic
effect for KISS1, a role for intact KISS1 cannot be dis-
counted. Viral vehicle-based introduction of metastasis
suppressor genes has shown promising results in animal
models of cancers, suggesting introduction of full-length
KISS1I as an alternative therapeutic strategy. Since expres-
sion of KISS! is regulated by upstream genes TXNIP and
CRSP3, modulating their expression may also be a strategy
to upregulate KISS1 levels [12]. However, all these options
are wrought with their own limitations and a better under-
standing of the mechanism of action of KISS1 will help
design suitable and patient specific therapy. Furthermore, if
reciprocal communication between stroma and tumor cells
is proven, the stroma will also provide an alternative target
for KP based therapy.

Similarly, peripheral delivery of KP stimulates release
of gonadotrophins in humans, increasing fertility and preg-
nancy rates [5, 30]. In pre-pubertal rats circulating levels
of gonadotropins increased on central administration of KP
[30]. Taking these observations forward, KP54 injection in
women showed peak in circulating levels after 40 min of
injection [144, 145]. KP10 showed peak detection levels
after only 15 min and had a shorter half-life compared to
KP54 [146]. The effect of KP on gonadotrophin release was
dependent on its type, mode of administration and the stage
of ovulation [147]. Furthermore, KP in general stimulated a
more pronounced effect on LH release compared to FSH. KP
serve as important biomarker for pregnancies, KP levels less
than 1630 pmol/L is an indicator for miscarriages [5, 30].
On the other hand, repeated administration of KP resulted in
KISS1R desensitization and abrogation of its effects. Vari-
ations in potency effect of different KP and differences in
their half-life have also been observed [147]. To sum up,
KP are promising molecules for therapeutic targeting of
fertility disorders and possibly other metabolic and physi-
ological defects, however, significant work remains to be
done regarding their route of administration and maintain-
ing their circulating levels and potency for longer periods.
Importantly, KISS1/KP administration into people has been
successful and safe and has potential as a therapeutic, having
already satisfied the first criterion—safety and efficacy for
reproductive diseases/syndromes.

Conclusion and future perspective
It has been more than 20 years since the discovery of KISS/,

we did not foresee the diverse roles it has been shown to be
involved in at the time of its discovery. This is nothing but a
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victory for explorative science. The progress on the role of
KP in reproductive health and fertility has been rapid; how-
ever, our knowledge of their contribution to cancer metas-
tasis has comparatively not kept pace. While it’s clear that
KISS1 has a largely anti-metastatic role in cancers, a lack
of a complete understanding of the signaling mechanisms
regulating its anti-metastatic function has hampered the
progress in gaining mechanistic insights on KISS1. This is
compounded by reports showing several pathways activated
by KP-KISSIR axis to have both anti-metastatic and pro-
metastatic roles depending on the type of cancer. Several
KISS1 expressing cancer cell lines suppressed for metastasis
in in vivo experimental assays did not show any detectable
KISS1R expression. This raises the possibility of a recip-
rocal communication between KISSIR expressing stromal
cells in the microenvironment and the tumor cells or the
possibility of existence of other receptor(s) for KISS1, the
answers to both the points is not clear. This is due to research
largely being centered on KISS1 the ligand, knowledge on
the receptor-KISS1R, its localization and regulation has
taken a back seat, mainly due to the lack of good antibodies
directed against it. A detailed characterization of KISSIR
will help provide link between KISS1 signaling, metabolism
and its regulation of dormancy.

Multiple studies have detailed the anti-metastatic role
for KP and KISSIR axis; however, the role of full-length
KISS1 has not been fully elucidated. Apart from being a
precursor molecule for KP, full-length KISS1 interacts with
PGCla-an orchestrator of metabolic event and is enough to
suppress metastasis in C8161 melanoma cell line. Therefore,
KISS1 processing to KP does not appear to be a requirement
to suppress metastasis at least in come cancer types. Fur-
thermore, KISS1 secretion is essential for its anti-metastatic
effect, however as discussed earlier KISS1 has a myriad of
intracellular functions. Linking the two diverse roles will be
required to gain a holistic understanding of its function as a
metastasis SuUppressor.

KP treatments have been employed for progressing
through puberty and for alleviating reproductive defects in
preclinical models and human patients. However, caution
is to be exercised in its administration specially in women
due to the reports on its role in breast cancer invasion and
metastasis [64]. Similarly, before employing KP to treat
metastatic cancers, a thorough consideration on its effects on
normal physiological and endocrine activities is important
since studies have reported changes in tumor gene signa-
ture during puberty [148]. Our preliminary results suggest
the existence of new KISS1 fragments that may have an
anti-metastatic role (unpublished work). Further research
efforts on KISS1, understanding its biochemistry, pharma-
cokinetics, interaction with tumor microenvironment and a
detailed characterization of KISS1R will decide how reliable
of a biomarker will the KISS1-KISS1R axis serve in cancer
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diagnosis as a potential therapeutic drug for treating aggres-
sive metastatic cancers.
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