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ABSTRACT

The ubiquitin ligase NARF is a newly identified protein belonging to a small family of structurally
similar E3 proteins. NARF is a negative regulator of the canonical Wnt-B-catenin pathway,
targeting TCF/LEF family members for proteolytic degradation through poly-ubiquitination. We
examined the role that NARF plays in cell division and found that overexpression of NARF in a
colony forming assay increases colony formation in a RING finger-dependent manner.
Furthermore, we demonstrate that NARF transcripts are expressed at a higher level in the grade
IV brain tumor glioblastoma multiforme as compared with low grade astrocytomas. Our data thus
indicate that NARF is a positive regulator of cell growth and may be involved in the tumorigenic
process.

l. INTRODUCTION domains which can serve as ubiquitin ligase
domains, the most common is the RING

Eukaryotic cells employ a range of (Really Interesting New Gene) finger domain
post-translational protein modifications to [2]. RING finger ubiquitin ligase proteins
serve as signals for a diversity of cellular function as facilitators in the transfer of
processes. These modifications can alter ubiquitin peptides from the E2 enzyme onto
protein shape, activity, function, localization, the substrate protein by bringing substrate
stability, etc. Included in this large group of proteins into close proximity with the
post-translational modifications is protein ubiquitin conjugating enzyme allowing for
ubiquitination.  Ubiquitin is a small, highly direct transfer of the ubiquitin molecule onto
conserved 76 amino acid protein that is a specific lysine residue of the substrate [3].
covalently linked to substrate proteins by a Once a substrate protein is
three-step enzymatic reaction (reviewed in ubiquitinated, this cascade of events may be
[1]). First, the ubiquitin activating enzyme, repeated several times to form a poly-
or E1, binds ubiquitin in an ATP-dependent ubiquitin chain. A chain consisting of four or
manner through a cysteine residue to form a more ubiquitin peptides linked through the
thio-ester bond with ubiquitin. Second, the lysine-48 and glycine-78 residues of
now activated ubiquitin peptide is transferred consecutive ubiquitins serves as a signal for
onto the conserved cysteine residue of one proteolytic  degradation by the 26S
of several ubiquitin conjugating enzymes, or proteasome. Ubiquitination, however, is not
E2s, once again forming a thio-ester bond restricted to serve as just a signal for protein
between the E2 and ubiquitin. The final step destruction. It has been shown in recent
of this process, the covalent attachment of years to also serve a variety of other
ubiquitin onto a lysine residue of the purposes including altering both localization
substrate protein, involves the action of a as well as biochemical activity of a protein
ubiquitin ligase, or E3 enzyme. While there [4, 5]. These functions, though, most often
are known to be three different protein result from protein mono-ubiquitination or

23



AMERICAN JOURNAL OF UNDERGRADUATE RESEARCH

VOL. 9, NOS. 2 & 3 (2010)

RNF138/NARF

| 7 HlJ

[ RING Finger

RNF125/TRAC-1 |

N 7 El [

aweics [ [ 74 WM T

ZNF313

% C,HC Zinc Finger
[ C.H; Zinc Finger

[ umm

Figure 1. Domain structure comparison of NARF and related family proteins. RNF138/NARF,
RNF125/TRAC-1, RNF166, and ZNF313 domain structures are shown. Each protein contains a
RING domain near its amino-terminus, a central C,HC zinc finger and two C,H, zinc fingers, as
well as a ubiquitin interacting motif (UIM) at its C-terminus. Each protein shares ~40% similarity

at the protein level.

poly-ubiquitin chains utilizing one of several
other lysine residues in the ubiquitin protein
sequence .

E3 ubiquitin ligases are the most
numerous and diverse of those enzymes
involved in the ubiquitination cascade.
Hundreds of ubiquitin ligase proteins are
encoded by the human genome with more
than 600 RING domain ligases alone being
present [2]. This is in contrast to the single
human E1 gene and the approximately 35
human E2 genes [6]. Therefore, in the
ubiquitination cascade it is the ubiquitin
ligase which confers substrate specificity.
Each ubiquitin ligase would be expected to
modify one or a few substrate proteins,
augmenting their stability, function, or
localization. The need for a great number of
distinct E3 enzymes is highlighted by the
ever increasing number of proteins known to
be modified by either mono- or poly-
ubiquitination.

Nemo-like kinase (NLK)-associated
ring finger protein (NARF), originally known
as RNF138, is a 245 amino acid protein with
RING finger-dependent ubiquitin ligase
activity [7]. A previous publication has
demonstrated that this protein is associated
with nemo-like kinase (NLK) and cooperates
with the kinase to down-regulate TCF/LEF
transcriptional activity by poly-ubiquitinating
TCF/LEF, targeting it for proteasome-
mediated destruction [7].  Through this
activity, NARF functions as a negative
regulator of the Wnt-B-catenin signaling
pathway.

NARF is one member of a family of
4 RING ubiquitin ligases, which also
includes RNF125/TRAC-1, RNF166, and
RNF114/7FP313 [8]. Each of these proteins
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contains an amino-terminal RING finger
domain, three central C,HC or C,H, zinc
fingers and a carboxy-terminal ubiquitin
binding motif (UIM) (Figure 1). The C,H,
zinc finger is found in many transcription
factors and often binds directly to dsDNA [9].
Some C,H, fingers, however, bind to RNA or
to other proteins making this domain quite
versatile in function. The UIM has been
shown to bind ubiquitinated proteins in a
manner analogous to an SH2 domain
binding to phosphorylated proteins [10].
While sharing a conserved domain structure,
the limited homology of these proteins
(~40% similarity) and differences in
expression indicate that they likely play
diverse roles in cell physiology. The
RNF125/TRAC-1 protein has been shown to
be a membrane-bound molecule which
positively regulates T-cell activation, down-
regulates RIG-lI antiviral signaling, and
suppresses HIV-1 replication [8, 11-12].
RNF114/ZFP313 is a psoriasis susceptibility
gene [13], while nothing is known yet about
the function of RNF166.

In the current study, we have
examined the effects of NARF
overexpression on cell division. In vitro

colony forming assays have demonstrated
an increase in colony formation in response
to overexpression of exogenous NARF.
This increase in colony formation is RING
finger-dependent. Furthermore, analysis of
a  previously  conducted microarray
experiment [14] has shown that there is a

significant increase in  NARF gene
expression in glioblastoma multiforme
(GBM) tumors over that in low grade

astrocytomas (LGA). These results reveal a
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potential role for NARF in cell division and
the tumorigenic process.

Il. MATERIALS AND METHODS
a. Invitro Ubiquitination Assay

cDNA encoding wild type NARF, the
NARF-CHA mutant, or GFP were subcloned
into the pFlag-CMV10 plasmid (Sigma)
using standard molecular biology techniques
[15]. HEK293T cells were transiently
trnsfected with the indicated plasmid using
Lipofectamine 2000 (Invitrogen) according to
manufacturer’s instructions. Thirty-six hours
following transfection, cells were harvested
and lysed in Mammalian Cell Lysis Buffer
prepared as described previously [16]. The
lysates were cleared by centrifugation and
protein yield was quantified using the
Bradford assay. 1 mg of whole cell lysate
was immunoprecipitated with Flag-Agarose
(Sigma) overnight at 4°C. Following,
agarose beads were washed twice with lysis
buffer then twice with ubiquitination assay
buffer (50mM Tris, pH 7.5, 2.56mM MgCl,,
0.5mM dithiothreitol, 300uM ATP). In vitro
ubiquitination assays were performed by
combining Flag-Agarose beads bound to the
respective precipitated proteins with 100ng
human E1 (Boston Biochem), 1ug of UbcH1
(Boston Biochem), Hisg-ubiquitin (Boston
Biochem), 1ug of bacterial lysate, and 1X
Energy Regeneration System (Boston
Biochem) in reaction buffer. Reactions were
carried out at 30°C for 1.5 h followed by
guenching by boiling in an equal volume of
2X protein sample buffer (4% SDS, 10%
glycerol, 0.01%  bromophenol  blue,
30mg/mL dithiothreitol). Whole cell lysates
and products of the in vitro assay were
separated by a 6-12% gradient SDS-PAGE
gel, transferred to a nitrocellulose
membrane, and Western blotting was
conducted using either an anti-His antibody
(Amersham) or anti-Flag M2 antibody
(Sigma).

b. Colony Forming Assay

cDNA encoding wild type NARF or
the NARF-CHA mutant was subcloned into
the pcDNA3.1HA plasmid using standard
molecular biology techniques [15]. HelLa
cells were transfected with the indicated
plasmid using Lipofectamine 2000. Twenty-

25

VOL. 9, NOS. 2 & 3 (2010)

four hours later, the cells were trypsinized
and counted using trypan blue and a
hemocytometer. 25,000 cells were plated
into each well of a 6 well plate and allowed
to adhere for 24 h. Cells were then treated
with  500ug/mL G418 (Sigma) in tissue
culture media for 2 weeks. The media was
changed every 3-4 days during this period.
Following this period, cells were fixed in
3.7% paraformaldehyde in phosphate
buffered saline (PBS) for 5 min. 0.05%
crystal violet was then added to stain cells
for 30 min. Plates were then washed with
water and allowed to air dry. Replicative
data were analyzed in Microsoft Excel and
an unpaired student’s t-test was performed
to assess statistical significance at the 0.01
level.

c. Gene Expression Analysis

The European Bioinformatics
Institute Gene Expression Atlas 2.0
(http://www.ebi.ac.uk/gxal) was queried for
expression data for the human gene
RNF138/NARF. Processed gene
expression data were downloaded from the
Gene Expression Atlas for the experiment
numbered E-MEXP-567 and opened using
Microsoft Excel. Expression data for each
gene in each tumor sample were assembled
and analyzed using MS Excel. Fold
expression increases were calculated by
dividing the average expression in all GBM
tumors by the average expression in all LGA
tumors [Avg GBM/Avg LGA]. Expression
data in each sample were also normalized
for comparison by dividing each expression
quantity by the average of all LGA
expression quantities for each respective
gene. A paired student's t-test was
performed with a significance level of 0.01 to
determine statistical significance.

M. RESULTS

a. Overexpression of NARF promotes
colony formation in a RING-dependant
manner

Our laboratory is interested in
examining new proteins which play roles in
the cell cycle and tumorigenic processes.
We began examining a potential role for the
recently identified protein NARF [7] in these
pathways. To this end, we generated wild
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Figure 2. Overexpression of NARF promotes colony formation in a RING-dependent manner. A,
A sequence alignment is shown between the RING domain of wild type NARF and NARF-CHA.
Asterisks indicate the conserved zinc chelating residues and double asterisks indicate the
mutated amino acids in NARF-CHA. B, Flag-tagged GFP, wild type NARF, and NARF-CHA were
assayed for ubiquitin ligase activity in an in vitro ubiquitination assay followed by separation on a
6-12% gradient SDS-PAGE gel. Western blotting indicates that wild type NARF but not GFP or
the NARF-CHA mutant is capable of functioning as an ubiquitin ligase. C, The indicated proteins
were expressed in HelLa cells followed by stable selection using G418. The surviving colonies
were stained with crystal violet and imaged for comparison. D, The results of 4 repeated colony
forming assays were combined and the average number of colonies is plotted with standard
deviations. A significant increase in colony number (p<0.01) is seen with NARF overexpression
but not with NARF-CHA overexpression.

type and RING-mutant NARF expression RING domains share a conserved
constructs in the pFLAG-CMV10 and arrangement of 8 cysteine and histidine
pcDNA3.1HA parental plasmid vectors. residues which cooperatively chelate two
zinc ions; this chelation is required for the immunoprecipitated proteins. Flag-tagged
proper structure of the domain. We mutated NARF or NARF-CHA was transiently
cysteine-34 and histidine-36 within the RING expressed in 293T cells and
finger domain each to alanine and call this immunoprecipitated. We also transfected
mutant NARF-CHA (Figure 2A). A similar Flag-tagged green fluorescent protein (GFP)
NARF point mutant was generated to serve as a negative control.
previously and shown to lack ubiquitin ligase Immunoprecipitated proteins were incubated
activity [6]. To confirm that our wild type with reaction components then separated by
construct was functional as a ubiquitin ligase SDS-PAGE followed by Western blotting.
and that the CHA mutant lacked ubiquitin The upper panel of Figure 2B demonstrates
ligase activity, we conducted an in vitro ubiquitin ligase activity for wild type NARF
ubiquitin ligase assay using but not for GFP or NARF-CHA as
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demonstrated by the high molecular weight
ladder of poly-ubiquitin bands. The lower
panel is a Western blot of cell lysates from
the transfected cells showing the expression
of each protein prior to immunoprecipitation.
We have routinely seen a slightly faster
migration of the CHA mutant compared with
the wild type protein. The predicted
molecular weight of Flag-NARF is 31.2 kDa
while that of Flag-NARF-CHA is 31.1 kDa.
This difference in size likely accounts for the
minor variation in migration for the NARF-
CHA protein.

Following confirmation of the
activities of each protein, a series of in vitro
colony forming assays similar to those
performed previously [17] were conducted to
explore the effects of NARF overexpression
on cell growth. Hela cells were transfected
with the pcDNA3.1HA/NARF,
pcDNA3.1HA/NARF-CHA, and
pcDNA3.1HA empty vector plasmids using a
lipid carrier reagent (Lipofectamine 2000,
Invitrogen). Following transfection, stable
transfectants were selected for 2 weeks with
the drug G418. The pcDNA3.1HA plasmid
contains the neomycin resistance gene;
therefore, those cells which stably integrated
the plasmid would survive in the presence of
this drug while those cells which did not
would be killed. Following the selection
period, cell colonies were fixed and stained
with crystal violet. Figure 2C is a
representative image of each plate of cells.
A higher number of surviving colonies was
seen in those cells stably overexpressing
NARF as compared with the control and
NARF-CHA transfectants. To quantify the
data, four replicated experiments were
performed, and the data were combined and
are shown in Figure 2D. As seen, Hela
cells stably overexpressing wild type NARF
are more competent to form colonies than
control cells. Statistical analysis of the data
using a student’s t-test indicates that the
increase is significant (p<0.01, n=4). We
saw a slight increase in colony formation
with the NARF-CHA mutant over that of
control cells, however statistical analysis
indicated that the difference was not
significant at the 0.01 level (p=0.03, n=4).
These data indicate that NARF
overexpression can enhance cell growth
and/or viability in a RING-dependant
manner.
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b. NARF exhibits enhanced expression in
Glioblastoma Multiforme tumors

Genes whose protein products
enhance cell division and cell viability are
frequently overexpressed in human tumors.
Since elevated levels of NARF were able to
increase HelLa cell growth in an in vitro
colony forming assay, we hypothesized that
the gene may be overexpressed in human
tumors. To address this hypothesis, we
searched the European Bioinformatics
Institute Gene Expression Atlas
(http://lwww.ebi.ac.uk/gxa) for gene
expression data of NARF. This online
resource contains a searchable repository of
hundreds of diverse microarray experiment
data. When queried for NARF expression
data, numerous experiments were available
for analysis. We chose to examine the
expression of NARF in the highly lethal,
grade IV brain tumor glioblastoma
multiforme (GBM), experiment E-MEXP-567
[14]. In this particular microarray
experiment, tumors extracted from patients
with glioblastoma multiforme and low grade
astrocytoma (LGA) were examined for gene
expression profiles. We chose this
particular set of data for our analysis
because we were interested in comparing
the expression of NARF between tumors of
the highly malignant brain  cancer
glioblastoma with the much less malignant
astrocytomas. Insights into what gene
expression changes promote a more
malignant tumor phenotype have value in
understanding the tumorigenic process.
Expression data for NARF as well as the
housekeeping protein alpha-tubulin, cell
cycle regulator cyclin B1l, and mitotic
enzyme topoisomerase lla were extracted
from the repository and analyzed.

As seen in Figure 3A, there was no
average increase in expression of the
housekeeping gene  a-tubulin  when
comparing LGA tumors with GBMs. In
contrast, both cyclin B1 and topoisomerase
lla were elevated in expression in GBM
tumors. A 3.7 fold average increase in
expression was observed with cyclin B1 and
a 7.3 fold increase was seen in
topoisomerase lla. Both of these genes are
known to play important roles in cell division,
therefore an increase in their expression
levels is not surprising. NARF displayed a
2.2 fold average increase in expression in
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Figure 3. NARF is overexpressed in Glioblastoma Multiforme tumors as compared with Low

Grade Astrocytomas.

Gene expression data for the indicated genes were extracted from the

Gene Expression Atlas experiment E-MEXP-567. A) The average fold expression increase in
GBM tumors over LGA tumors is plotted. Fold expression increases were calculated by dividing
the average expression in all GBM tumors by the average expression in all LGA tumors [Avg

GBM/Avg LGA.

B) Normalized expression levels for each gene are plotted for each LGA and

GBM tumor sample. Levels of a-tubulin are unchanged in GBM tumors while levels of cyclin B1
and NARF are significantly elevated (NARF p-value <0.01).

GBM tumors over LGA tumors, indicating
that its expression is also elevated in the
more malignant brain tumor.

We plotted a graph of each gene’s
expression in individual tumor samples for
further comparison (Figure 3B). Seven low
grade astrocytoma tumors and six GBM
samples were included in the study. The
expression of each gene in each tumor was
normalized for comparison by dividing the
guantitated expression from each tumor
sample with the average expression of the
gene among all LGAs [expression/LGA avg
expression]. This normalization allowed for
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a more direct comparison of expression
increases for each gene in the GBM tumors.
As shown, a-tubulin had no expression
change in any of the GBM tumors allowing it
to serve as a negative control gene. Cyclin
B1 was elevated in each of the GBM tumors
with a fold increase ranging from 2.6 to 5.0.
NARF displayed an elevated expression in 5
of the 6 tumor samples with the highest
increase measuring 35 fold.
Topoisomerase lla was omitted from this
graph because of its high expression
increases (range 3.3 - 13.1). We conducted
a paired student’s t-test to determine if the
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increase in NARF expression in the GBM
tumors was statistically significant as
compared with that of a-tubulin. NARF was
significantly elevated with a p-value of 0.006
(n=6). These data confirm the hypothesis
that NARF is overexpressed in some human
tumors and further supports the hypothesis
that NARF is involved in the control of cell
division and tumorigenesis.

V. DISCUSSION

NARF was previously identified in a
screen for proteins that interact with the
carboxy-terminus of Xenopus laevis nemo-
like kinase (NLK) [7]. It was further
demonstrated that NARF could function as
an ubiquitin ligase and ubiquitinated
TCF/LEF in an NLK-dependent manner. We
demonstrate that elevated expression of
NARF in cultured HelLa cells can enhance
colony formation. Furthermore, we have
shown that like other genes involved in the

cell division process, NARF is
overexpressed in a portion of human
malignancies.

NARF is one member of a family of
RING finger proteins [8]. Both NARF and
RNF125/TRAC-1 have been demonstrated
to possess RING-dependent ubiquitin ligase

activity [7]. While this has not been
demonstrated for RNF166 or
RNF114/ZFP313, the high degree of

homology within the RING domain of each
of these 4 proteins would indicate that they
too are ubiquitin ligases. Each of these
proteins share greater than 40% similarity at
the amino acid level and 100% identity of
zinc binding-cysteine and histidine residues
within the RING and zinc fingers. ZNF313
was shown to be differentially expressed
between the testes of fertile adults and
those of azoospermic patients [18]. TRAC-1
was identified in a screen for novel
regulators of T-cell receptor expression [10].
These proteins all contain three zinc finger
motifs, one C,CH type and 2 C,H, type zinc
fingers. This motif is one of the most
abundant in eukaryotes and is known to bind
DNA, RNA, as well as other proteins.
Additional studies are required to determine
the binding properties of the zinc fingers
within this family of proteins. Zhao and
colleagues have noted that a C-terminal
truncation of TRAC-1 resulted in a dominant
negative effect on the expression of the TCR
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[11]. This truncation eliminates the third
C,H, finger and UIM while leaving the first
and second zinc finger intact. This effect
was abolished when the RING domain was
mutated in conjunction with the C-terminal
truncation. No explanation was suggested
to explain this dominant negative effect, but
we propose that this phenotype is a result of
deletion of this third C,H, domain and/or the
UIM. While NARF and ZNF313 show high
MRNA expression in testis and much lower
expression in other normal tissues ([18] and
unpublished data), TRAC-1 displays an
expression pattern consistent with a role in
leukocyte function [11]. Moreover, its
functional role in regulating TCR expression
highlights this. It is thus likely that, although
these protein share domain structures, they
may have divergent, tissue-specific roles in
mammalian physiology.

Yamada et al., demonstrated a role
for NARF in the Wnt-B-catenin signaling
pathway [7]. In their studies, NARF was
found to interact directly with nemo-like
kinase and poly-ubiquitinate TCF/LEF family
transcription factors, thereby negatively
regulating this signaling pathway. In human
cancers abundant evidence supports a role
for the canonical Wnt pathway in promoting
tumor growth [19-20]. This pathway has
been implicated in cell proliferation, survival,
and tumor progression. A recent report has
demonstrated that $-catenin, a central figure
in the pathway, is overexpressed in
malignant gliomas [21]. The data that we
have presented indicating a role for NARF in
promoting cell growth or viability seem to be
in conflict with the previous report that NARF
is a negative regulator of the Wnt-B-catenin

signaling  pathway. Two  possible
explanations exist to reconcile this
difference.  First, while in general this

pathway is believed to promote cell growth
and tumor  progression, there are
transcriptional targets of the TCF/LEF family
transcription factors that function as tumor
suppressors. For example, members of the
Dickkopf (Dkk) family of proteins all function
to suppress the growth of several human
cancers [22-24]. Dkk-3 has been shown to
induce cell death in malignant gliomas [25].
So, it is possible that NARF functions as a
negative regulator of atypical Wnt signaling,
which would otherwise lead to tumor
suppression. A second and perhaps more
likely possibility is that NARF functions in
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one or more distinct pathways outside of the
canonical Wnt pathway. Gene expression
experiments including those within the Gene
Expression Atlas show a high expression of
NARF in testis, an organ known for its high
rate of cellular proliferation. It is possible
that NARF functions to promote cell division
by way of another cellular mechanism or
signaling pathway.

Our data are the first to demonstrate
a potential role for this novel ubiquitin ligase
in cell division, cell viability, or the
tumorigenic process. While we do not yet
know the exact mechanism by which NARF
is exerting its effects, these data provide a
foundation for future exploration into this
protein and its role in cancer.
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1,035 math, science and engineering students nationwide.
She plans to pursue a Ph.D. degree in conservation
biology/conservation genetics to apply research in
conservation and teach at a university or in a non-profit
organization.

“I hink UNI is ane of the best places 1o
get prepartion for research where you have
such oo irteraction between professors
and students. I've been ineived in research
since. | was a-freshman and actually met

my adviser at The symposium scholarshiy
competition before | enrolled here.”
Alexa
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Matt made the decision to get actively involved with his
major both in- and outside the classroom. In addition to
working as a teacher’s assistant and conducting research
with faculty, he’s also a member of the physics club

and the UNI chapter of the Golden Key National Honor
Society.

“What | lice about the. Callege of Nrtural
Stiences and UNI is the number of
apportwnties offered fo me as 4 student,
including student research, academic clubs
mnd field trips. | alss value the. availability
of The professars and the fact that they
are always willing To help with questions.”
Matt

Physics major
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