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Abstract

The Nuclear Casein and Cyclin-dependent Kinase Substrate 1 (NUCKS1) protein is highly
conserved in vertebrates, predominantly localized to the nucleus and one of the most heavily
modified proteins in the human proteome. NUCKSI expression is high in stem cells and the
brain, developmentally regulated in mice and associated with several diverse malignancies in
humans, including cancer, metabolic syndrome, and Parkinson’s disease. NUCKS1 function has
been linked to modulating chromatin architecture and transcription, DNA repair and cell cycle
regulation. In this review, we summarize and discuss the published information on NUCKS1 and
highlight the questions that remain to be addressed to better understand the complex biology of
this multifaceted protein.

Introduction

The human NUCKSL protein, originally designated P1, was discovered by @stvold et al. in

1985 [1]. The gene was cloned in 2001, and the names of both the gene and the protein
were changed to NUCKS1 (Nuclear Casein and Cyclin-dependent Kinase Substrate 1;
HGNC:29923) by the HUGO Gene Nomenclature Committee [2].
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Using HeLa cells, we showed early on that the NUCKS1 protein is phosphorylated at ~25
different residues, and that its apparent molecular mass, as determined by 15% SDS PAGE,
is ~50 kD [1, 3]. However, after the NUCKSI gene was cloned it became clear that this

gene encodes a protein of 243 amino acids (Fig. 1A), corresponding to a predicted molecular
mass of 27 kD [2]. Analysis of the protein isolated from rat liver by mass spectrometry
revealed a mass of 28.4 kD [4]. Hence, we concluded that human NUCKS1 migrates
anomalously in SDS PAGE.
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We went on to show that NUCKSL1 has no defined structure in solution, a very low content
of a-helices and B-sheets, but a relatively high content of B-turns [2]. In cells, NUCKS1

is predominantly localized to the nucleus and contains two nuclear localization signals,

one of which (7.e., NLS1; Fig. 1A) physically interacts with both importin a3 and a5 [5].
NUCKSL1 binds to single-stranded (ss) and double-stranded (ds)DNA, and to displacement
loops (D-loops) and contains an atypical AT-hook in its DNA-binding domain (Fig. 1A; [6—
8]). NUCKSL1 also binds RNA [9]. These attributes are expected to be major determinants
of NUCKSL1 function. Yet, many of the molecular details of NUCKS1 biology remain to be
determined.

The NUCKS1 gene in different vertebrate species

The NUCKSI gene is vertebrate-specific and present in all organisms from cartilaginous
fishes to man [4, 7]. In humans, the gene is located on chromosome 1 (1932.1), consists of
seven exons and six introns, and is distributed over a region of about 37 kb [4]. One of its
introns (intron 1) is exceptionally long (> 20 kb). There is also a NUCKS1 pseudogene on
chromosome 1q, containing both exons and introns. However, several non-sense mutations
are found within its exons, and this pseudogene is probably not expressed. In the rat,

one NucksI gene containing 7 exons and 6 introns is located on chromosome 13, and a
processed retro-pseudogene is localized on chromosome 6. Apart from five residues, the
open reading frame of this retro-pseudogene encodes a protein with a primary amino acid
sequence that is nearly identical to the rat NUCKS1 protein encoded on chromosome 13 [2].
However, the putative promoter region of the rat Mucks1 pseudogene is very different from
the promotor sequences in the mouse and human NUCKS1 genes. Moreover, the putative
promoter region (600 bp upstream of the transcription start site (TSS)) of the rat Mucks1
gene on chromosome 13 is more than 80% conserved with the human and mouse promoter
sequences. Furthermore, the rat Mucks1 gene on chromosome 13 is located between E£/k4
and Rab7L 1, which is also the case for NUCKSI in other mammals. Collectively, these
findings suggest that in rat the functional MucksZ gene is indeed the one located on
chromosome 13.

The NucksI gene in mice has a deletion in exon 7, giving rise to loss of nine amino acids in
the C-terminal region of the protein compared to human NUCKS1 (corresponding residues:
219-227; Fig. 1A), while the Mucks1 genes in birds, amphibians and fish (zebrafish)

all show an inserted sequence in exon 5, leading to an extension of the protein of ~50
residues (Fig. 1A; [4]). To date, little information with respect to the regulation of NUCKS1
transcription is available. However, we predict that the transcription of NUCKSI must be
tightly regulated.

Transcription of the NUCKS1 gene

The factors regulating the transcription of NUCKSI are largely unknown. The promotor of
the mammalian NUCKS1 gene does not contain a TATA box but contains two transcriptional
initiator (Inr) elements and likely two alternative TSS. In addition, one E2F and two putative
SP1 sites are also present [4]. The promoter and the 5" UTR are GC-rich and contain CpG
islands, suggesting that NUCKSI expression could be regulated epigenetically by cytosine
methylation. Northern blot experiments have shown that at least three NUCKSI mRNA
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species are expressed in mammals. The longest species is ~7 kb [2] and likely due to an
extraordinarily long 3" UTR, a feature also found in HMGA genes [10].

The transcript sequences of human NUCKSI are defined by more than 800 Genebank
accessions. These sequences also indicate that at least five different mMRNAs are produced,
including alternatively spliced variants and one non-spliced form. One splice variant lacking
the functional NLS has been isolated from human and chimpanzee cells [5], and, although
mainly localized to the nucleus, cytoplasmic staining for NUCKS1 protein has been
observed in some human cancer cells [11, 12]. Whether this is due to the lack of the
functional NLS or a consequence of diminished nuclear membrane integrity, as reported for
some cancer cell types [13], should be one aspect of future studies.

NUCKSI transcript is present at relatively high levels in most tissues. Interestingly, human
NUCKSI mRNA is highest in the brain, the thyroid gland and skeletal muscle (The
Human Protein Atlas, https://www.proteinatlas.org; [2]). NUCKSI mRNA also is present
in mammalian stem cells, and the NUCKS1 promotor has been shown to be co-occupied
and co-transcriptionally regulated by OCT4, SOX2 and NANOG in human embryonic
stem cells [14-16]. Northern blot analyses and data from The Mouse Atlas of Gene
Expression Project (https://www.mouseatlas.org) show that MucksZ mRNA is present in
fertilized mouse oocytes and in 3.5 days post coitum (dpc) blastocysts, and that Mucks1
expression is dramatically increased during the first days of development (Mouse Gene
Expression Database:1934811 (Tissue x Stage Matrix)). Dependent on the tissue, highest
expression of both mouse NMucksZ mRNA (and protein) is observed between E11.5 and 14.5
dpc [17]. While its expression remains high in mouse brain, MucksI mRNA decreases at
15 dpc in most fetal tissues [17]. In Xenopus tropicalis, NucksI mRNA is highest at NF
stage 14 at the onset of neurulation (https://www.xenbase.org). Interestingly, in Xenopus,
NucksI mRNA overexpression negatively affects mesoderm development and leads to a
shortened anterior-posterior axis [18], suggesting that NMucks1 expression must be tightly
regulated during patterning of the early Xenopus embryo. In invertebrates, transcripts with
close homology to vertebrate NUCKSI appear to be absent [17].

The NUCKSL1 protein

The NUCKS1 protein shares many characteristics with high mobility group (HMG) proteins,
a superfamily of abundantly expressed, nuclear proteins that bind to DNA and nucleosomes
and induce structural changes within chromatin [19]. The canonical HMG proteins are
soluble in 0.35 M NaCl or 2% trichloroacetic acid (TCA), contain a high fraction of basic
amino acids (= 25%), a high fraction of acidic amino acids (20-30%) and a relatively high
fraction of proline (= 7%). The HMG proteins are soluble in 5% perchloric acid (PCA) and
can be extracted directly into this acid [20].

Like the HMG proteins, NUCKS1 is soluble in 5% PCA and 2% TCA. It is high in

basic (21.4%) and acidic amino acids (25.9%), has a high content of proline, serine and
threonine residues, and binds to DNA (Fig. 1A). As such, NUCKS1 could be classified as
an HMG-like protein. However, unlike what is observed for the HMG proteins, the mobility
of NUCKSL1 is decreased rather than increased when analyzed by SDS PAGE. Furthermore,
except for the single, AT-hook like sequence and a carboxy-terminus rich in acidic amino
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acids, NUCKSL1 shares no amino acid sequence homology with any of the HMG proteins.
Instead, NUCKS1 shares sequence homology (28% identical, and 11% similar) with
RAD51AP1 (a RADS51-interacting protein involved in homologous recombination DNA
repair), and NUCKS1 and RAD51AP1 can be considered paralogues [8].

In human cancer cell lines, the copy number of NUCKS1 molecules per nucleus varies from
3.2x10° to 1.4x108 [21]. As such, NUCKS1 is about as abundant as other transcription
factors. For example, ER copy numbers per cell/nucleus range from ~1.1x104 to 2.6x10°,
Tcf-1 copy numbers are ~3.9x106 and p53 copy numbers per cell/nucleus range from
2.1x10% to 1.6x10° [22-25]. In adult mice, the copy number of the NUCKS1 protein varies
from 1.2x10% to 1.5x10° copies per nucleus [21].

One recent study looked at the effects of cell cycle stage on NUCKS1 protein abundance

in human cells. In synchronized RPE-hTERT cells, NUCKSL protein is expressed at low
level during GO/G1-phase; NUCKSL1 protein gradually increases during S-phase and remains
high in S/G2-phase [26]. Although likely, it has not been directly tested if the abundance of
NUCKSL protein is cell cycle regulated in other cell types. However, it is known that many
of its posttranslational modifications depend on cell cycle stage [27].

Posttranslational modification of the NUCKSL1 protein

The most striking feature of the NUCKS1 protein is its multitude of posttranslational
modifications (Fig. 1B). Per residue, NUCKSL likely is the highest posttranslationally
modified protein in the mammalian proteome (https://www.phosphosite.org; [27]). NUCKS1
can be phosphorylated on 41 sites of a total of 43 serine, threonine and tyrosine

residues (https://www.phosphosite.org), and significant changes in the extent of NUCKS1
phosphorylation are observed between asynchronous, G1 phase, and mitotically arrested
Hel a cells [27]. Compared to HeLa cells, fewer phosphorylated residues were identified

in NUCKSL1 purified from breast cancer tissues [27], although a basal level of NUCKS1
phosphorylation is necessary for the ability of the protein to bind DNA [7].

Little is known about the signals leading to the phosphorylation of specific residues

in NUCKS1 and of the kinases involved. NUCKSL1 is constitutively phosphorylated on
several residues in cells [3]. Many of the constitutively phosphorylated sites are consensus
phosphorylation sites for Casein Kinas 2 (CK2), and NUCKSL is indeed a substrate for
CK2 in vitroand in cells [3, 21]. Phosphorylation experiments utilizing synthetic NUCKS1-
derived peptides and purified CK2 showed that 11 residues can be phosphorylated by CK2
in vitro. Mass spectrometry analysis of NUCKSL1 isolated from untreated or HelLa cells
treated with a specific CK2 inhibitor showed that at least seven of these residues also are
phosphorylated by CK2 in cells [21].

NUCKSL1 is a target of cyclin-dependent kinases /n7 vitro and probably also in cells.
Phosphorylation of Ser181 by CDKZ1 /n vitro abolishes binding of NUCKSL1 to DNA, and
NUCKSLI isolated from metaphase-arrested cells exhibits no affinity for DNA [6, 7], leading
us to predict that in human NUCKS1 Ser181 may be phosphorylated at the beginning of
mitosis. In support of this prediction, NUCKSL is exclusively localized to the cytoplasm in
metaphase-arrested human cells [5, 6].
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At least four residues in NUCKSL1 (Serl4, Ser54, Ser181 and Ser214) are phosphorylated

in response to induced DNA damage [28-30]. In 293T cells and after ionizing radiation,
NUCKSZ1-Ser14 was identified as a substrate of either the ataxia telangiectasia mutated
serine/threonine-protein kinase (ATM) or the ATM and Rad3-related serine/threonine-
protein kinase (ATR) [30]. Ser54 and Ser181 are phosphorylated by ATM upon exposure

of cells to ionizing radiation or neocarzinostatin [8, 21, 29]. Interestingly, inhibition of
ATM only partially abrogated Ser54 phosphorylation in HeLa cells treated with the DNA
inter-strand crosslinking agent mitomycin C (MMC), suggesting that both ATM and ATR
can phosphorylate this residue. MMC challenges DNA repair by homologous recombination
(HR), a DNA repair pathway regulated by NUCKS1 [8, 31]. Yet, if NUCKSL1 activity in HR
is regulated by Ser54 phosphorylation remains to be tested. The kinase(s) phosphorylating
Ser214 in cells are presently unknown. However, both DNA-activated protein kinase (DNA-
PK) and ATM can phosphorylate Ser14 /in vitro[21].

Each of the three tyrosines in NUCKSL1 (Tyr13, Tyr26, and Tyr146) can be phosphorylated
in cells ((https://www.phosphosite.org), [27]). Tyrl3 is a substrate of SYK1 (Spleen
associated tyrosine kinase 1), a non-receptor tyrosine kinase with oncogenic and tumor
suppressor-like characteristics in both a B-cell line (DG75) and a breast cancer cell line
(MD-MAB-231) [32]. /n vitro, NUCKSL also is a substrate for second messenger-activated
kinases, such as cyclic AMP-dependent protein kinase and calcium/calmodulin-dependent
protein kinase I, and for members of the protein kinase C family [33, 34], indicative of
several signal transduction pathways the NUCKS1 protein is involved with [35]. NUCKS1
also was identified as one component of the AKT1 interactome [36]. However, NUCKS1
does not appear to contain an AKT1 consensus phosphorylation site, and it is not known if
NUCKSLI can directly be phosphorylated by this kinase.

Many of the phosphorylation sites in NUCKS1 are unrelated to any known kinase
consensus sites, and the kinases phosphorylating these sites remain to be identified.
However, many of these phosphorylation sites are conserved in mammals, birds,
amphibians, and fish, suggesting that they likely play important roles in regulating
NUCKSL1 function. The NUCKSL1 protein also is acetylated, methylated and formylated
(https://lwww.phosphosite.org; Fig. 1B; [27]), but the enzymes acetylating, methylating and
formylating NUCKS1 have not yet been identified. Compared to HeLa cells, however,
NUCKSL1 purified from human breast cancer tissues showed additional sites of lysine
acetylation, formylation and mono-methylation [27], potentially indicative of altered
NUCKSL1 regulation.

It comes as no surprise that ubiquitinylated forms of NUCKSL1 (at Lys9, Lys175, Lys184,
Lys188, and Lys196) also have been identified (Fig. 1B; [37-42]). NUCKS1 physically
interacts with MDMZ2 and is oligo-ubiquitinated by this E3 ligase /in vitro [38], although
the respective residues were not identified. Lys175, Lys188 and Lys196 are ubiquitinated
in HEK293 cells in response to UV irradiation [42]. After -y-irradiation, we detected
poly-ubiquitinated NUCKSL1 in a human breast cancer cell line (Wiese et al. unpublished).
Poly-ubiquitination through Lys48-linked ubiquitin chains generally leads to proteasomal
degradation, while ubiquitin chains linked through Lys63 serve as non-proteolytic signals
in intracellular trafficking, signal transduction and DNA repair [43, 44]. How NUCKS1
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poly-ubiquitination may be linked to its role in DNA damage repair via the HR pathway is
one focus of research in our laboratory.

Biology of the NUCKSL1 protein

The lack of NUCKS1 orthologues in lower eukaryotes has complicated our understanding of
its biological functions. Collectively, however, current knowledge suggests that NUCKS1 is
a multifaceted protein involved in the regulation of several diverse biological processes and
signal transduction pathways (Fig. 2).

NUCKSL1 functions as a transcriptional regulator

Several lines of evidence suggest that NUCKS1 is a chromatin remodeling protein involved
in the regulation of gene expression. For example, NUCKS1 functions as a chromatin
modifier and transcriptional regulator of insulin signaling components, including the insulin
receptor (IR), and of cytokines in endocrine cells and mice [35, 45]. NUCKSL1 also was
identified as a Tat transcriptional coactivator and shown to play a crucial role in HIV-1
replication [46]. Interestingly, although an atypical AT-hook is present within the putative
DNA binding region in NUCKS1, NUCKS1-bound DNA is enriched in GC-containing
sequences, such as present in SP1 and STAT1/STAT3 binding motifs [35]. In support of
these data, results from our laboratory based on SELEX experiments, in which we used

a NUCKS1-derived peptide containing the DNA binding domain (including the AT-hook)
and a library composed of dsDNA fragments with random DNA sequence, also show that
NUCKS1 prefers binding to GC-rich DNA sequences (dstvold et al. unpublished).

NUCKSL1 is involved in the regulation of cytokine expression. For example, suppressed
expression of inflammatory cytokines was observed in alkali-burned corneas of Mucks1
knockout mice, and corneal epithelial cells showed reduced NF-xB activation and NF-xB-
mediated cytokine expression upon silencing of Mucks1 [47]. NUCKS1 also affects the
secretion of growth factors and cytokines associated with inflammation, cell proliferation
and cell death in bone marrow-derived mesenchymal stem cells (BM-MSCs), and the
increase in VEGFa in culture media of NUCKS1-deficient BM-MSC cells was more than
three-fold [48]. These results suggest that NUCKS1 may negatively affect cell survival and
angiogenesis during myocardial infarction in mice [48], which is in contrast to the positive
effects on cell survival and proliferation that the NUCKSL protein is shown to have in
human cells [8, 26, 31, 49].

NUCKS1 and the regulation of metabolism

As mentioned above, NUCKS1 was identified as a positive transcriptional regulator of the
insulin signaling pathway [35, 45]. Mucks1 knockout mice kept on a high-fat diet express
reduced insulin receptor 1 (IR1) in adipose tissues and liver, gain weight, and develop fatty
liver disease, glucose intolerance and insulin resistance [35]. Mechanistically, chromatin
accessibility at the TSS of the /RZ promoter was diminished, interfering with the recruitment
of RNA Polymerase 11 in mouse primary hepatocytes with NUCKS1 knockdown. Similarly,
mice with hypothalamus-specific MucksI deletion are obese and insulin resistant [45]. These
mice developed mild glucose intolerance on regular chow. When kept on a high-fat diet,
however, obesity and insulin resistance phenotypes developed. These results show that in
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mice the NUCKSL protein affects glucose homeostasis and insulin signaling through the
hypothalamus, and via the regulation of /R1 expression.

In humans, NUCKSL1 protein levels show an inverse correlation with body mass index

and HOMA-IR (homeostatic model assessment for insulin resistance) [35]. Overweight
individuals displayed > 40% reduction in NUCKSL1 protein compared to lean individuals
[35]. Low NUCKS1 protein also was observed in omental fat tissues of obese African
American women [50]. In this regard it is interesting to note that upregulated p53 in
adipose tissue has directly been linked to the development of insulin resistance [51]. As p53
can downregulate NUCKS1 [26], p53 upregulation may be one mechanism leading to the
reduced expression of NUCKS1 protein in adipose cells.

NUCKS1 and regulation of cell cycle progression

Recently, NUCKS1 was shown to control the progression of cells from G1 to S phase
[26]. Mechanistically, a NUCKS1-SKP2-p21/p27 checkpoint pathway was identified. The
SKP2 protein is part of the SCFSKP2 complex and directs the degradation of the CDK
inhibitors p21 and p27. Loss of NUCKSL1 reduced SKP2 expression in both human normal
and cancer cell lines and led to increased p21 and p27, demonstrating that NUCKS1
controls the SKP2-p21/p27 axis in cells with wild type p53 [26]. In response to DNA
damage, p53 transcriptionally downregulates NUCKS1 by a mechanism that remains to
be determined. Correspondingly, in p53 mutant mice NMucks1 was upregulated following
total-body X-irradiation [52], and in a variety of human tumor types, loss of p53 or
loss-of-function mutations in p53 correlate with overexpressed NUCKS1 and SKP2, and
with p21/p27 degradation [26]. As such, cell proliferation may be sustained in the absence
of mitogens or in the context of DNA damage [26], pointing to the importance of the
NUCKS1-SKP2-p21/p27 axis in counteracting cell transformation.

In cow mammary epithelial cells, the NUCKS1 protein is upregulated in response to
extracellular stimuli such as hormones (estrogen and prolactin) and amino acids (Met,
Leu), and positively regulates the synthesis of milk proteins, milk fat and lactose [53].

In this model system, NUCKS1 overexpression increased both cell number and viability,
and, consistent with the results presented by Hume and collaborators [26], increased the
percentage of cells in S phase, although through the mTOR-SREBP-1c/Cyclin D1 signaling
pathway. Similarly, NUCKSL1 overexpression in gastric cancer cell lines led to enhanced
cell proliferation and activation of mTOR through the PI3K/Akt/mTOR axis, potentially
via enhancement of IGF-R1 transcription [54]. We surmise that NUCKS1 expression is
tightly regulated to balance G1/S cell cycle arrest, cell proliferation and tissue homeostasis
in healthy cells.

NUCKSL1 in DNA repair

In accord with the NUCKS1 protein playing a role in stimulating the entry of cells into

S phase [26, 53], we uncovered a role for NUCKSL in regulating DNA repair by HR [8,

31], a pathway that operates in S/G2 phase and is suppressed in G1 [55]. Based on amino
acid homology between NUCKS1 and RAD51AP1, a stimulator of the RAD51 recombinase
[56, 57], we tested if NUCKS1 affects HR capability in human cells [8]. In HeLa and

Biochem J. Author manuscript; available in PMC 2023 June 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

@stvold et al.

Page 8

U20S cells, knockdown of NUCKS1 phenocopies knockdown of RAD51AP1. NUCKS1

is epistatic with both RAD51AP1 and XRCC3, a second important protein in HR [58],

and human cells depleted for NUCKSL are sensitized to inter-strand DNA crosslinking
agents and other drugs that induce barriers to replicant fork progression [8]. In a follow-up
investigation, we identified the NUCKS1 protein as an important new regulator of the
spatiotemporal events in HR [31]. We showed that NUCKS1 is required for the timely
formation of HR protein complexes, that NUCKSL interacts with DNA motor protein
RADSAL in vitro and in cells, that NUCKS1 stimulates the RAD54L ATPase, and functions
with RAD54L in RAD51-mediated joint molecule formation. As such, NUCKS1 appears to
share attributes with other proteins, including SKP2, that regulate both G1/S transition and
DNA repair [26, 59, 60].

NUCKS1 and apoptosis

Tissue homeostasis requires a balance between cell proliferation, DNA repair and cell death.
Cell death by apoptosis plays a major role in organismal developmental and is deregulated
in many diseases, including cancer [61, 62]. Few studies have initiated investigations to
elucidate a link between NUCKS1 and apoptosis. For example, in rat development, the
levels of NUCKS1 correlate with those of the pro-apoptotic BAX protein and with activated
caspase-3 in all tissues and developmental stages analyzed [17]. Moreover, NUCKSL1 protein
is upregulated in rat cerebellar granule neurons stimulated to undergo apoptosis just prior

to caspase-3 activation ([17]; (dstvold et al. unpublished)). These findings could suggest
that NUCKSL1 affects the initiation of the apoptotic program. Accordingly, NUCKSL1 is a
substrate for both caspase-3 and caspase-7 /n vitro and in cells [63], and knockdown of
NUCKSL in gastric cancer cell lines induces apoptosis, while NUCKS1 overexpression has
no effect [49, 54]. Collectively, these results point to some involvement of the NUCKS1
protein in affecting the apoptotic program in rodent and in human cells, although the
molecular mechanisms of this link and its relevance for tissue homeostasis and NUCKS1-
related pathologies remain to be determined.

Diseases associated with NUCKS1

NUCKS1 and cancer—Many studies have shown that both NUCKS1 protein and
message are overexpressed in different cancer types, leading the authors to suggest that
NUCKSLI could serve as a biomarker for different forms of neoplastic disease. Early on,
large-scale expression data sets pointed towards a functional module of co-expressed genes
in mammalian breast and ovarian cancers [64]. This module contains six genes that were
classified as involved in either transcriptional regulation (PDEF, HZAFO, NUCKSI) or the
ubiquitin proteasome pathway (PSMD7, SQSTMI, FLJ10111). Quantitative measurements
of mRNA in cell lines derived from breast tissues confirmed that these genes are co-
expressed. In addition to breast cancer, this module also is co-expressed at elevated levels in
lung cancer, oligodendroglioma, fetal brain and in some stem cells [64].

Liu and collaborators described a group of differentially expressed genes as the 186-gene
“invasiveness” gene signature (IGS) [65]. These genes were differently expressed between
tumorigenic breast cancer cells and normal breast epithelium, predicting the likelihood of a
tumor to metastasize (hence named “invasiveness”). The IGS, which NUCKS1 is part of, is
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associated with the risk for death and metastasis not only in breast cancer patients, but also
in lung and prostate cancer patients, and in patients with medulloblastoma [65].

Several groups found NUCKS1 expressed at elevated level in breast carcinoma when
compared to the adjacent healthy tissue [66—69]. This can be explained by copy number
gains at chromosome 1g32.1, which — in one study — were observed in 66% of the primary
breast tumors and in 78% of the breast cancer cell lines investigated [70]. Increased
NUCKSL1 protein also is associated with lymph node involvement and the formation of
distant metastases [68], suggesting that NUCKS1 may be a predictor of the clinically
aggressive phenotype. Testing for a correlation between NUCKS1 protein and other tumor
subtype markers, NUCKS1 was positively associated with Ki67 and cytokeratin 5/6, but
not with ER, PR or HER2, leading the authors to suggest that NUCKS1 could be a novel
prognostic marker in the histopathological evaluation of invasive breast carcinoma of no
special type [69]. Recently, NUCKS1 also has been identified as a direct target of miR-641
in a number of breast cancer cell lines, supporting the notion that miR-641 may function
as a tumor suppressor, targeting the oncogenic effects of NUCKS1 mediated through the
NUCKS1/PI3K/AKT axis [71].

NUCKSI message is elevated in grade 111 ovarian serous papillary carcinoma, an aggressive
cancer that affects the uterus/endometrium, peritoneum, and ovary [72], and NUCKS1
protein is increased in ~43% of ovarian cancer tissues [12]. Interestingly, NUCKSI mRNA
level gradually increases from non-metastatic to metastatic lesions, and is significantly
associated with FIGO stage, histological grade, lymph node metastasis, response to
chemotherapy and recurrence [12]. Hence, these investigators suggest that NUCKS1
contributes to disease progression and poor prognosis and is a significant and independent
prognostic marker for overall and disease-free survival of ovarian cancer patients [12].
Similarly, elevated NUCKS1 transcript and protein are risk factors for poor prognosis and
recurrence of endometrial cancer [11], and NUCKSL protein also positively correlates with
advanced FIGO stage, poor histological grade, large tumor size, parametrical involvement,
deep stromal infiltration, lymph node metastasis and recurrence of cervical squamous cell
carcinoma [73].

Prostate cancer cells show overexpressed NUCKSI mRNA in metastatic samples compared
to primary tumor samples [74], and NUCKSI mRNA is significantly upregulated in drug
resistant prostate cancer cell lines [75]. As in breast cancer, copy number changes, including
gain of chromosome 1932, are frequent in prostate cancer, potentially contributing to
elevated NUCKS1 in these cells [76].

Elevated NUCKS1 also has also been observed in tumors of the gastrointestinal tract, skin,
and liver. For example, serial analysis of gene expression showed that NUCKS1 is among
the twenty most upregulated genes in esophageal squamous cell carcinoma [77]. Gains
within chromosome 1g32.1 and elevated NUCKSI were detected in colorectal cancer (CRC)
cells, and NUCKSL protein levels are linked to significantly worse overall and relapse-free
survival in CRC patients, suggesting that NUCKS1 may be an independent risk factor of
recurrent disease [78]. Elevated NUCKSL1 protein in gastric adenocarcinoma correlates with
the depth of invasion, TNM classification, Ki67 and adverse prognosis [79]. Mechanistically,
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NUCKS1 was shown to promote gastric cancer cell aggressiveness via upregulation

of IGF-1R and subsequent activation of the PI3BK/AKT/mTOR signaling pathway [49].
Recently it was also shown that NUCKS1 promotes cell proliferation and suppresses
autophagy through the mTOR-Beclinl pathway in gastric cancer [54]. Downregulation of
NUCKSL1 significantly upregulates Beclinl levels, reduces phosphorylated (at Ser2448) and
total mMTOR, and induces autophagy and apoptosis. In accord with the results presented by
Hume et al. [26], this study also shows that downregulation of NUCKS1 induces cell cycle
arrest and the upregulation of p21 in gastric cancer cell lines [54].

Elevated NUCKS1 protein (in comparison to keratoacanthoma) was detected in both
squamous and basal cell carcinoma [80]. In this study, the amounts of NUCKS1 exceeded
those of Ki67, and the authors proposed that NUCKS1 could be a novel marker for

the pathological evaluation of skin tumor biopsies. Downregulation of NUCKS1 through
Ese-3 (Epithelium-specific ETS protein 3) in HaCaT human keratinocytes inhibits cell
proliferation, migration, and invasion [81], indicative of high NUCKS1 as one potential
determining factor of cancer development in skin.

In hepatocellular carcinoma (HCC), copy number gains within chromosome 1g32.1 are
associated with vascular invasion and elevated NUCKS1 transcript [82]. Western blot
analyses showed that, compared to adjacent non-tumor liver tissue, the NUCKS1 protein
was significantly increased in >50% of the HCCs analyzed. Higher amounts of NUCKS1
protein also were observed in >85% of the HCC tissues /n sifuwhen compared to the
surrounding normal liver. Moreover, siRNA-mediated knockdown of NUCKS1 resulted in
a significant decrease in the number of viable Hep3B cells after treatment with cisplatin
and led to significantly suppressed tumor growth in nude mice [82]. In HCC patients,
elevated NUCKSI expression closely is associated with tumor differentiation, TNM stage,
vascular invasion and metastasis, and correlates with poor prognosis, indicative of NUCKS1
representing a novel biomarker in the prognosis of patients with HCC [83].

MiR-137, which inhibits tumor growth and increases the sensitivity to paclitaxel and
cisplatin in lung cancer patients, also regulates the expression of NUCKS1. In fact,
NUCKS1 is a direct target of miR-137 [84]. NUCKS1 is elevated in human lung cancer
tissues and inversely correlates with that of miR-137. Restoration of miR-137 expression in
tumor cells led to the inhibition of cell proliferation, suggesting that the tumor suppressive
role of miR-137 is mediated by its downregulation of NUCKS1 [84-86]. Of note, lung
cancer patients with low miR-137 showed shorter disease-free survival, in support of a
link between elevated NUCKSI and poor prognosis [84]. NUCKSL1 also is among the nine
top-ranked transcription factors significantly associated with smoking-induced lung cancer
[87], and up-regulation of NUCKSL protein in lung adenocarcinoma is associated with a
poor prognosis [88].

Little is known about an association between NUCKSI expression and tumors of the
central nervous system. However, what is known is that NUCKS1 is overexpressed in
cell lines derived from glioblastoma multiforme and, most prominently, in drug-resistant
T98G cells [89]. This may stem from the low abundance of miR-137 in these cells [89].
Loss of miR-137 occurs in different tumor types, as stated above. However, miR-137
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likely has hundreds of targets, of which only some have been identified. For example, one
consequence of miR-137 expression is G1 cell cycle arrest via suppression of CDK6 and
RB1 phosphorylation [86], for which — to the best of our knowledge — no evidence of
NUCKSL involvement has been identified.

Recent studies have described reciprocity among diverse RNA species, including protein-
coding messenger RNAs, non-coding RNAs such as long non-coding RNAs (IncRNAs),
and circular RNAs [90]. Mechanistically, these RNA species can function as competing
endogenous RNA (ceRNA), sponging microRNAs and impacting upon gene expression.
Accumulating evidence suggests that NUCKS1 expression is regulated by microRNA
sponges. For example, in osteosarcoma cells INcRNA CBR3-AS1 sponges miR-140-5p
leading to the upregulation of NUCKS1, whereby stemness and epithelial-mesenchymal
transition are promoted [91]. In non-small cell lung cancer cells and tissues, circRNA (RNA
circ_0008037) sequesters miR-433-3p, leading to elevated NUCKS1, cell proliferation,
migration and invasion [92]. In a similar manner, chromosome 1q gains and the associated
overexpression of three MRNASs with ceRNA activity (CEP170, NUCKSI1, ZC3H11A)
lead to melanoma progression and metastasis through sequestration of distinct miRNAs
species with tumor suppressor function [93]. Collectively, these results show that the
regulation of NUCKSI transcription is complex, and that NUCKSI can be mis-regulated
post-transcriptionally in cancerous cells.

We surmise, compared to normal cells and tissues, NUCKS1 message and protein are
elevated in many different tumor types. Moreover, the results from cell-based studies are in
support of the NUCKS1 protein driving cell survival, DNA repair and cell proliferation, and
counteracting cell cycle arrest, apoptosis, and autophagy [8, 26, 31, 49, 54, 91, 92]. Tumor
cells are fueled by uncontrolled cell growth, upregulated DNA damage repair and evasion
from apoptotic signals [94-96]. Autophagy, however, plays a more complex role in tumor
development [97]. As autophagy functions as a tumor suppressor in early stages of tumor
development [97], NUCKS1 may function during this stage to inhibit autophagy.

In support of a link between elevated Nucks1 and accelerated tumor initiation, promotion
and/or progression (Fig. 3), we detected elevated NucksI transcript and loss of the remaining
Trp53 wild type allele in the majority of mice that had developed thymic lymphoma (TL) in
response to whole-body X-irradiation [52]. Mechanistically, elevated NUCKS1 protein may
drive cell cycle progression and/or DNA damage repair in this murine model of TL [8, 26,
30, 31, 52]. As overexpression of DNA repair genes has been associated with metastasis and
drug resistance in cancer cells [95, 96], and as NUCKSL protects cycling cells in culture
from replication stress [8], we speculate that NUCKS1 also may protect early neoplastic /n
situ (Fig. 3).

Apart from copy number gains at 1932 [76, 78, 98-101], there are few additional data on
cancer-associated mutations within the NUCKSI gene. More than 900 single nucleotide
variants (SNVs) associated with cancer have been reported for NUCKSI (ICGC data portal,
COSMIC, Catalogue of Somatic Mutations in Cancer). Approximately 90 of these are
located within exons, leading to non-sense, frameshift, and missense mutations, and to
potentially deleterious changes in the NLS, the DNA binding domain, or in phosphorylation
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consensus sites in NUCKSL. For example, exchange of Pro182 to Lys182 destroys the
CDK1 phosphorylation site, which regulates binding of NUCKS1 to DNA [6]. In the future,
it will be important to test the phenotype of this and other NUCKS1 variants in cell culture
experiments and animal models to understand if they are responsible for a change in the
biology of normal cells.

NUCKS1 and Parkinson’s disease—Parkinson’s disease (PD) is a long-term
degenerative disorder/synucleinopathy of the central nervous system and the second most
common neurodegenerative disorder after Alzheimer’s disease [102]. Several candidate
genes and susceptibility loci causing monogenic familial forms of PD have been identified
[103], and a significant association of expression and transcription level of NUCKS1 with
PD has been observed [104, 105]. For example, studying 2,011 PD cases and 18,381
controls from Japan, Satake et al. identified a susceptibility locus for PD on chromosome
1932, designated PARK16, and seven small nucleotide polymorphisms (SNPs; rs16856139,
rs823118, rs823122, rs947211, rs823156, rs708730, rs1240572) significantly (P< 1077)
linked to PD [104]. These SNPs are located within several linkage disequilibrium blocks that
contain the SLC45A3, NUCKS1, RAB7L1, SLC41A1 and PM20D1 genes. Rs947211 and
ten tightly linked HapMap SNPs positively associated with NUCKS1 transcript, and these
PD-susceptibility variants were the principle genetic determinants of NUCKS1 expression
[104].

Philstrgm et al. showed that rs823118, located between NUCKS1 and RAB/7L1, is one of
several risk loci for PD in a Caucasian population [106]. In addition, strong support for
rs823118 as a susceptibility locus for sporadic PD in Han Chinese was obtained [107],
although another study failed to detect this association in a Scandinavian population [106].

A meta-analysis of 13,708 PD cases and 95,282 controls from Europe showed that rs823118
is both an expression and a methylation quantitative trait locus for RAB7L 1, a gene

that encodes a small guanosine triphosphate-binding protein involved in the regulation of
exo- and endocytotic pathways [108], and that the rs823118 risk allele is associated with
decreased NUCKS1 and increased expression of RAB7L1[105].

In a more recent study, significant associations between a rs823093 risk allele and PD

and between rs823093 and late onset Alzheimer’s disease were observed [103]. Rs823093
is located within one of the introns of the NUCKSI gene and in a region predicted to

be a putative enhancer. However, NUCKS1 transcription was shown to be low in PD
patients with the rs823093 risk variant [103]. In contrast, NUCKS1 positively correlated
with regional atrophy in PD brains, possibly related to its involvement in cell-autonomous
pathology in the context of synuclein-mediated DNA damage [109]. In this regard it is
important to note that accumulated DNA double-strand breaks (DSBs) are intermediaries
of alpha-synuclein-induced pathogenesis in PD [110], and that NUCKS1 functions in DSB
repair [8, 31] and the DNA damage response [30]. We conclude that strong evidence

has been accumulated in support of NUCKS1 impacting upon several neuronal genes and
pathways. The molecular details, however, of how NUCKSL1 contributes to the development
of neurodegenerative disease remain to be elucidated.
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NUCKS1 and other pathophysiological processes—Ulcerative colitis (UC) is a
chronic inflammatory bowel disease characterized by chronic inflammation, oxidative

stress, and genome instability. In patients with non-dysplastic UC, the NUCKSL1 protein

is overexpressed within the colonic mucosa [111]. More specifically, non-dysplastic UC
lesions were shown to have ~4-fold higher NUCKSL1 than sporadic CRC tissue, indicative

of DSB repair operating at higher levels in UC than in CRC tissue [111]. Interestingly, in

the same tissues the expression of p53 was suppressed, in support of an inverse correlation
between p53 and NUCKS1 [26]. However, high NUCKS1 protein in the colonic mucosa of
UC patients could also be linked to the elevated expression of inflammatory cytokines, as
NUCKSL1 previously was identified as a transcriptional regulator of their expression [35, 47].

Superwarfarins are highly potent vitamin K antagonist anticoagulants that are used as
rodenticides. Brodifacoum (BDF), one of the world’s the most widely used superwarfarin,
also induces neuroinflammation and neuronal death [112], suggesting that BDF exerts
damaging effects on the rodent CNS independent of its anticoagulant actions. Proteomic
analyses showed altered expression of more than six hundred proteins in cerebellar lysates
from adult rats treated with BDF compared to controls. The protein most significantly
increased was NUCKS1, suggesting that NUCKS1 may play a role in certain types of tissue
injury [47], including BDF-induced neuroinflammation and neuronal death [112].

The age at which menarche occurs is affected by environmental and genetic factors. Robust
evidence for an association between NUCKS1 expression and the age of menarche has been
obtained in a meta-analysis of GWAS data encompassing 182,416 women from 57 studies.
In this study, rs951366 in NUCKS1 was identified as being linked to the onset of menarche
[113]. In another study, NUCKSI1 was found to be associated with pubertal height, and it
was hypothesized that late onset of menarche is linked to a higher prevalence of adolescent
idiopathic scoliosis (AIS), indicative of a linkage between menarche age and predisposition
of idiopathic scoliosis [114]. In more recent work, an association between rs951366,
located in the 3untranslated region of the NUCKSI gene, and AlS was detected [115].

In this study, AIS patients showed remarkably decreased and allele-specific expression of
NUCKSI. However, how NUCKSL regulates puberty and puberty height growth remains to
be elucidated.

Plasma leakage and hemorrhage are hallmarks of dengue fever, and antibodies directed
against the dengue virus NS1 protein can react with endothelial cells. Suppression-
subtractive hybridization experiments demonstrated that exposing human microvascular
endothelial cells to anti-dengue virus type 2NS1 antibodies leads to the upregulation of
a set of genes including NUCKS1. However, the significance of this upregulation is not
known [116].

Concluding remarks and remaining questions

NUCKSL1 is chromatin-associated, hyper-modified and nuclear protein that shares many
biophysical characteristics with HMG proteins. Overall, the amino acid composition of
NUCKSL1 is very similar to that of the HMG proteins. Its primary amino acid sequence,
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however, shows no homology to any of the HMG proteins, but instead shares homology with
RAD51AP1 [8], a vertebrate-specific protein regulating DNA repair via the HR pathway.

Unlike RAD51AP1, but like the HMGA family of proteins, NUCKS1 has one single DNA
binding domain containing the GRP core sequence of an AT-hook. NUCKS1 weakly binds
to ssDNA and, as RAD51AP1, more strongly to dsDNA and D-loops and, despite of its
AT-hook, shows preferential binding to GC-rich sequences [8, 35]. The affinity of NUCKS1
for DNA is regulated by its phosphorylation status, which depends on cell cycle stage

[6, 7]. NUCKSL also drives cell proliferation and cell cycle entry into the S-phase, and
through p53-mediated transcriptional repression NUCKS1 downregulation leads to G1 arrest
[26] and inhibition of HR DNA repair [8]. Although the molecular mechanisms by which
NUCKSL regulates the HR pathway had remained elusive, important new mechanistic
insights on its functional role in HR have recently been elucidated [31]. Yet, it remains
unclear if NUCKS1 directly binds to damaged DNA and/or can regulate other DNA repair
proteins in addition to RAD54L [31]. What is known is that NUCKSL1 can bind to the
promoter elements of several DNA repair genes [35], potentially regulating their expression
in a cell cycle-dependent manner. Of note, the minimally essential domains in NUCKS1
affecting DNA repair and/or transcriptional control are unknown but could be identified

by testing the expression of NUCKS1 deletion constructs in NUCKSI knockout cells.
Moreover, RAD51AP1 drives HR in transcriptionally active regions of the genome [117],
and this may also be the case for NUCKS1.

NUCKSL1 does not have a transcription activation site but might cooperate with other
transcription factors to induce transcription of target genes. As such, it is of significant
interest to investigate the molecular mechanisms of NUCKSL1 in transcriptional control and
the impact of its posttranslational modifications.

NUCKSL1 lacks three-dimensional structure in solution [2]. However, a disordered to
ordered structural transition is likely to take place after NUCKSL1 associates with proteins,
DNA and/or chromatin, interactions that frequently are regulated by posttranslational
modification. With 42 annotated phosphorylation sites, phosphorylation is the most
prominent modification of NUCKSL1. To date, however, the responsible kinases for only

12 of these sites have been identified. Although it is a challenging task to experimentally
validate the kinases and phosphatases involved, it is of substantial interest to identify the
putative signal transduction pathways affected by NUCKS1 phosphorylation status. For
example, NUCKS1-Ser79 phosphorylation correlates with an increased expression of cyclin
D and the recurrence of nonfunctioning pituitary adenomas [118]. As such, we expect that
much is to be learned with respect to the pathways affected by NUCKS1 and their relevance
to disease.

The organismal consequences of NUCKSL loss have been studied in mice with different
genetic backgrounds. In C57BL/6 mice, loss of MucksI can lead to obesity and insulin
resistance [35]. In 129SV mice, NMucks1 deficiency and 7rp53loss lead to genome instability
and an increased susceptibility to radiation carcinogenesis [52]. Although some of the

links between the insulin-IGF1-PI3K-AKT and DNA damage response pathways have

been elucidated [30, 119], clearly additional studies are needed to better understand how
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NUCKSL1 affects organismal health under unperturbed conditions and upon exposure to
environmental mutagens.

In conclusion, the available literature suggests that NUCKSL1 is a multi-functional protein
involved in regulating several diverse biological processes and signal transduction pathways.
Further elucidating the biology of NUCKS1 will make important contributions to a better
understanding of this highly modified chromatin-associated protein and of prevalent threats
to human health, including cancer, neurodegenerative disease, and metabolic syndrome.
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Figure 1. NUCK S1 orthologues and posttranslational modifications.
(A) ClustalW sequence alignment of the primary structures of NUCKS1 from human, rat,

mouse, and chicken, with acidic residues highlighted in red and basic residues in blue. The
NLS and the DNA binding domain are shown in grey and green boxes, respectively. (B)
Schematic to present a summary of the identified posttranslational NUCKS1 modifications
(https://lwww.phosphosite.org). ATM and CK2 target sites identified by us [21] are shown in
pink and orange, respectively.
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Figure 2.
Pie chart summary of the physiological processes and pathways, and the diseases that

human NUCKS1 affects through modulation of transcription (orange), affinity to different
DNA (pink) and RNA (blue) substrates, and through mechanism that are currently unknown

(green).
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Figure 3. Model to explain the upregulation of the NUCK S1 protein as part of the activated DNA
damage response network and in response to replication stressduring tumor development [52,
120].

BM: basement membrane; BV: blood vessel.

Biochem J. Author manuscript; available in PMC 2023 June 17.



	Abstract
	Introduction
	The NUCKS1 gene in different vertebrate species
	Transcription of the NUCKS1 gene
	The NUCKS1 protein
	Posttranslational modification of the NUCKS1 protein
	Biology of the NUCKS1 protein
	NUCKS1 functions as a transcriptional regulator
	NUCKS1 and the regulation of metabolism
	NUCKS1 and regulation of cell cycle progression
	NUCKS1 in DNA repair
	NUCKS1 and apoptosis
	Diseases associated with NUCKS1
	NUCKS1 and cancer
	NUCKS1 and Parkinson’s disease
	NUCKS1 and other pathophysiological processes


	Concluding remarks and remaining questions
	References
	Figure 1.
	Figure 2.
	Figure 3.

