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FHIT (fragile histidine triad), a candidate tumour suppressor

gene, has recently been identified at chromosomal region 3p14.2,

and deletions of the gene have been reported in many types of

human cancer. However, the biological function of the Fhit

protein has not been fully characterized yet. Using the yeast two-

hybrid screen to search for proteins that interact with Fhit in

�i�o, we identified a protein that is specifically associated with

Fhit. This association was confirmed in both immuno-

precipitation and glutathione S-transferase pull-down assays.

The sequence of the protein is identical with that of human

ubiquitin-conjugating enzyme 9 (hUBC9). The last 21 amino

acids at the C-terminus of hUBC9 appear to be unimportant for

its biological activity, since an hUBC9 mutant harbouring a

deletion of these amino acids could still restore normal growth of

yeast containing a temperature-sensitive mutation in the hom-

INTRODUCTION
FHIT (fragile histidine triad) is a putative tumour suppressor

gene located on chromosome 3 at band p14.2 (3p14.2). The gene

comprises 10 exons which encode a 1.1 kb transcript and a

protein of 147 amino acids [1]. The FHIT gene contains the most

common fragile site in the human genome, FRA3B, and the

t(3 ;8) chromosomal translocation breakpoint that is associated

with familial renal clear cell carcinoma [1]. Alterations in

the FHIT gene leading to abnormal transcripts containing de-

letions of one or more coding exons, intragenic homozygous

deletions and gross genomic rearrangements have been found

frequently in many cancer cell lines, as well as in primary

tumours, including those of lung, breast, thyroid, oesophagus,

stomach, Merkel cell, and head and neck [1–7].

FHIT is a member of the histidine triad gene family [8]. The

cognate protein has 69% identity with the Schizosaccharomyces

pombe enzyme diadenosine 5«,5«««-P",P%-tetraphosphate (Ap
%
A)

asymmetrical hydrolase, which cleaves its Ap
%
A substrate into

ATP and AMP [9]. Ap
%
A has been implicated in both DNA

replication and cell cycle control [10,11]. The human Fhit protein

has been characterized as a diadenosine 5«,5«««-P",P$-triphosphate

(Ap
$
A) hydrolase [12], and Fhit–Ap

$
A complexes have been

suggested as the active signalling form of Fhit [13]. However, a

number of investigators have raised doubts about the candidacy

of FHIT as a tumour suppressor gene, based on the following

two observations: (i) aberrant transcripts can be amplified by

reverse transcription–PCR from normal cells ; and (ii) inac-

tivation of the FHIT gene by point mutation has rarely been

reported [14–16]. On the other hand, it has been shown that
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factor 2 ; CMV, cytomegalovirus ; FHIT/Fhit, fragile histidine triad; GST, glutathione S-transferase ; NF-κB, nuclear factor-κB; IκBα, NF-κB inhibitory
protein ; SUMO-1, small ubiquitin-like molecule-1 ; (h)UBC9, (human) ubiquitin-conjugating enzyme 9; WT1, Wilms ’ tumour suppressor gene product.
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ologue UBC9 gene. Mutational analysis indicated that hUBC9

was associated with the C-terminal portion of Fhit. Neither a

single amino acid substitution at codon 96 (His!Asn) nor triple

amino acid substitutions (His!Asn) at a histidine triad (codons

94, 96 and 98) affected the association, whereas Fhit triphosphate

(diadenosine 5«,5«««-P",P$-triphosphate) hydrolase activity has

been reported to be eliminated by either type of mutation,

suggesting that the interaction between Fhit and hUBC9 is in-

dependent of Fhit enzymic activity. Given that yeast UBC9 is

involved in the degradation of S- and M-phase cyclins, Fhit may

be involved in cell cycle control through its interaction with

hUBC9.
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replacement of Fhit in cancer cell lines that lack endogenous Fhit

suppresses tumorigenicity, and that Fhit enzymic activity is not

required for its tumour suppressor function [17,18].

We reported previously that both benign thyroid adenomas

and malignant papillary and anaplastic carcinomas frequently

harbour abnormalities in the FHIT gene [5]. The present study

was undertaken to identify Fhit-interacting proteins, in the hope

of elucidating its biological role in tumorigenesis. To this end, we

have used the yeast two-hybrid system to search for proteins that

interact with Fhit in �i�o. A protein was identified by screening

a human placenta cDNA library using the full-length human

FHIT cDNA as a ‘bait ’. A protein that was found to associate

with the C-terminal portion of Fhit proved to be identical with

the recently cloned human ubiquitin-conjugating enzyme 9

(hUBC9).

MATERIALS AND METHODS

Yeast two-hybrid screen

Full-length human FHIT cDNA was obtained by reverse tran-

scription–PCR, as described previously [5], and subcloned into

EcoRI and XhoI sites of the plasmid pHybLex}Zeo (Invitrogen,

Carlsbad, CA, U.S.A.) to create a LexA–Fhit fusion protein as

a ‘bait ’ (pHyblex}Fhit). To screen for Fhit-interacting proteins,

Saccharomyces cere�isiae L40 cells were transformed by the

lithium acetate method with pHyblex}Fhit, and subsequently

with the B42 activation domain}human placenta cDNA library

constructed in pYESTrp according to the manufacturer’s pro-
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cedure (Invitrogen). Briefly, 8¬10) transformants were selected

by their growth on plates lacking histidine. A total of 267 His+

colonies were subsequently analysed for β-galactosidase activity.

Some 20 cDNA library plasmids derived from colonies with

strong LacZ activity (His+ and LacZ+) were sequenced with the

aid of a cyclic sequencing kit from Applied Biosystems (DNA

sequencing kit g 402079) following the protocol provided by the

manufacturer. Sequence analysis was undertaken in an Applied

Biosystems 373A automated sequencing apparatus using 373A

version 1.2.1 data collection and analysis software (Applied

Biosystems). The LexA–Fhit fusion protein of pHyblex}Fhit did

not spontaneously transactivate the transcription of either re-

porter gene (HIS3orLacZ) used in this system, and the expression

of the appropriate bait protein was confirmed by Western blot

using anti-LexA antibody (Invitrogen).

To map the Fhit interaction domain(s), four Fhit mutants

were constructed by PCR and oligonucleotide-based site-directed

mutagenesis [19], whereupon all four were subcloned in-frame

with the LexA DNA-binding domain of pHybLex}Zeo:

pHyblex}Fhit-NT (N-terminal part of Fhit : amino acids

1–81), pHyblex}Fhit-CT (C-terminal part of Fhit : amino

acids 82–147), pHyblex}Fhit-H96N (His!Asn substitution at

codon 96), and pHyblex}Fhit-H94,96,98N (His!Asn substi-

tution at codons 94, 96 and 98). hUBC9 cDNAs were subcloned

in-frame with the B42 activation domain of the plasmid

pYESTrp (Invitrogen). Yeast strain L40 was co-transformed

with pYESTrp-hUBC9 and each one of the bait constructs

indicated above. Protein interaction was assessed by the β-galac-

tosidase filter assay and semi-quantified using the β-galactosidase

liquid assay kit according to the manufacturer’s procedure

(Invitrogen).

Human wild-type and mutant hUBC9 each complement loss of the
yeast UBC9 gene

The yeast strain Y0233 (YWO103,ubc9_ : :TRP1,ubc9-

1: :LEU2,bar1: :HIS3) carrying a temperature-sensitive ubc9-1

allele [20] was generously donated by Dr Thorsten Hoppe

(University of Heidelberg, Germany). The wild-type and trunc-

ated hUBC9 genes were subcloned into the plasmid pYESTrp

under the control of the GAL1 promoter (Invitrogen). Cells were

transformed with pYESTrp alone, pYESTrp-Jun expressing

the transcription factor Jun (control), pYESTrp-hUBC9, or

pYESTrp-hUBC9mutant lacking the final 21 amino acids at the

C-terminus of hUBC9. Transformants were streaked on to

galactose-containing plates and incubated for 4 days at either a

permissive (28 °C) or a restrictive (37 °C) temperature.

Generation of a polyclonal antibody to Fhit

Full-length human FHIT cDNA was subcloned into EcoRI and

XhoI sites of the plasmid pGEX-5X-1 in-frame with the gluta-

thione S-transferase (GST) gene to create a GST–Fhit fusion

protein. The production of the GST–Fhit protein was induced in

Escherichia coli and was purified using glutathione–Sepharose

4B beads, as recommended by the manufacturer (Pharmacia,

Vienna, Austria). For immunization and three subsequent boosts,

two rabbits were injected with beads carrying at least 100 µg of

purified GST–Fhit fusion protein to obtain a polyclonal serum.

GST pull-down assay

Full-length hUBC9 cDNA was subcloned into EcoRI and XhoI

sites of the plasmid pGEX-5X-1 in-framewithGST and expressed

in E. coli (strain BL21) as a GST–hUBC9 fusion protein.

GST–hUBC9 or GST alone was bound to glutathione–Sepharose

4B, and each complex was washed three times with PBS.

[$&S]Methionine-labelled Fhit was generated using the TNT T7

Quick Coupled in �itro transcription}translation system

(Promega, Madison, WI, U.S.A.) following the subcloning of

the full-length FHIT cDNA into a TA vector (Invitrogen).

[$&S]Methionine-labelled Fhit (5 µl) was incubated with the beads

(20 µl) in 0.5 ml of 50 mM NaCl}BSA (1 mg}ml) at 4 °C for 1 h.

The mixture was then washed four times with 0.1% Nonidet

P-40 in PBS, and heated in standard SDS sample buffer. The

eluted proteins were resolved on an SDS}15%-polyacrylamide

gel, stained with Coomassie Blue, and exposed to Kodak X-ray

film at room temperature.

Co-immunoprecipitation of Fhit and hUBC9

Full-length FHIT and hUBC9 cDNAs were each subcloned into

the pcDNA 3.1 expression plasmid (Invitrogen) under the control

of the cytomegalovirus (CMV) promoter (pCMV-FHIT and

pCMV-hUBC9 respectively). CHO cells were transfected

with pCMV-FHIT, pCMV-hUBC9 or pCMV-FHIT plus

pCMV-hUBC9. At 48 h after transfection, the CHO cells were

washed with PBS and lysed in RIPA buffer (150 mM NaCl,

50 mM Tris, pH 8.0, 1% Nonidet P40, 0.1% SDS and 0.5%

sodium deoxycholate) supplemented with a cocktail of four

protease inhibitors : 5 mM EDTA, 1 µg}ml leupeptin, 1 µg}ml

pepstatin and 50 µg}ml PMSF. The lysates were precleared with

normal rabbit IgG. Equal amounts of protein (1–2 mg in 0.5 ml)

were incubated with 10 µl of rabbit anti-Fhit antibody for 3 h at

4 °C with constant rotation. Immune complexes were precipitated

by incubation with 20 µl of Protein A}G–agarose (Santa Cruz

Biotechnology, Santa Cruz, CA, U.S.A.) for 1 h. The agarose

beads were pelleted by centrifugation at 3000 g for 5 min),

washed four times with RIPA buffer, and heated in SDS sample

buffer. The eluted proteins were resolved on an SDS}15%-

polyacrylamide gel, transferred on to a nitrocellulose membrane

(Bio-Rad, Melville, NY, U.S.A.) and analysed using an anti-

hUBC9 monoclonal antibody (Transduction Labs, Lexington,

KY, U.S.A.). Immunoreactive bands were visualized using

enhanced chemiluminescence detection reagents (Amersham,

Arlington Heights, IL, U.S.A.) according to the manufacturer’s

protocol.

RESULTS

Identification of a Fhit-binding protein in the yeast two-hybrid
system

We used the two-hybrid system to isolate any proteins that may

interact with Fhit. To this end, full-length FHIT cDNA was

subcloned in-frame with the LexA DNA-binding domain in the

yeast expression vector pHybLex}Zeo as a LexA–Fhit fusion

protein (bait) vector. pHybLex-Fhit was transformed into the

L40 strain of yeast containing LacZ and HIS3 reporter constructs

integrated into the genome. Expression of LexA–Fhit fusion

protein was confirmed by Western blot analysis using anti-LexA

antibody. Non-specific activation of the LacZ and HIS3 reporter

genes by pHybLex-Fhit was ruled out by the absence of activation

in cells transformed with pHybLex-Fhit alone or co-transformed

with the pYESTrp vector. Thus pHybLex-Fhit was used to

screen a human placenta cDNA library constructed in-frame

with the B42 activation domain of the yeast expression vector

pYESTrp.

A total of 8¬10) transformants were screened, and 267 His+

colonies were obtained after 4–8 days at 30 °C. Of these colonies,
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Figure 1 Schematic representation of different hUBC9 clones detected by
the yeast two-hybrid screen

Three different hUBC9 clones were identified, two of which contained the full-length hUBC9

coding sequence. The remaining one was truncated, missing 21 amino acids at the C-terminus.

Shaded and open boxes indicate translated and truncated regions respectively. The flanking

lines represent untranslated regions.

Figure 2 Human wild-type and mutant UBC9 complement the loss of the
homologous yeast UBC9 gene

Yeast stain Y0233 (YWO103) carrying the temperature-sensitive ubc9-1 allele was transformed

with either a control vector (pYESTrp or pYESTrp-Jun) or a construct expressing either a full-

length (pYESTrp-hUBC9) or truncated (pYESTrp-mhUBC9) hUBC9 gene. Cells were streaked on

to galactose-containing plates and incubated for 4 days at either the permissive (28 °C) or the

restrictive (37 °C) temperature.

20 showed strong β-galactosidase activity, as judged by the filter

assay [blue colour that developed in the presence of X-Gal

(5-bromo-4-chloroindol-3-yl β--galactoside) in 30–60 min], and

these were characterized further by DNA sequencing and re-

transformation into L40 cells to verify the specific interaction.

Among the 20 clones, 16 formed three groups of cDNAs which

encoded a single gene and were fused in the same reading frame

at two different positions in the 5«-untranslated region (Figure 1).

Sequence analysis revealed the full-length and truncated cDNAs

to be identical with that of the previously cloned enzyme hUBC9

[21]. The remaining four clones were unrelated to hUBC9 and

have sequence similarity to human 18 S rRNA. Both the full-

length and the truncated (missing 21 amino acids at the C-

terminus) hUBC9 interacted strongly with the LexA–Fhit bait,

but failed to interact with the LexA DNA-binding domain alone.

This result suggests that the interaction between Fhit and hUBC9

may be specific, and that the C-terminal 21 amino acids of

hUBC9 are not required for the interaction. To establish that

mutant hUBC9 is also functional, full-length and mutant hUBC9

cDNAs were each expressed in a yeast strain (Y0233) carrying a

temperature-sensitive (ts) yUBC9 mutation [19]. Cells harbouring

Figure 3 In vitro interaction of Fhit and hUBC9 in a GST pull-down assay

The full-length hUBC9 cDNA was subcloned in-frame with GST and expressed in E. coli as a

GST–hUBC9 fusion protein. GST–hUBC9 or GST alone was bound to glutathione–Sepharose

beads and incubated with an equal amount of [35S]methionine-labelled Fhit prepared by in vitro
transcription and translation. Specifically bound protein was separated on an SDS/15%-

polyacrylamide gel. Lane 1 contained 5% (2 µl) of in vitro translated Fhit protein.

Figure 4 Co-immunoprecipitation of Fhit and hUBC9

Full-length FHIT and hUBC9 cDNAs were subcloned into pcDNA 3.1 expression plasmid

(denoted pCMV-FHIT and pCMV-hUBC9 respectively). CHO cells were transfected with pCMV-

FHIT alone, pCMV-hUBC9 alone, or pCMV-FHIT and pCMV-hUBC9 together. Cell extracts were

prepared from CHO cells 48 h after transfection, and extracts expressing Fhit alone (lane 1),

Fhit and hUBC9 (lane 2), and hUBC9 alone (lane 3) were immunoprecipitated with anti-Fhit

antibody, separated on an SDS/15%-polyacrylamide gel, blotted and probed with anti-hUBC9

monoclonal antibody.

the yUBC9ts mutation grow normally at 28 °C, but fail to grow

at the non-permissive temperature (37 °C). As shown in Figure 2,

both wild-type and mutant hUBC9 fully restored normal growth

to the yeast at the otherwise non-permissive temperature for the

mutant strain.

Specific association of Fhit and hUBC9

To address further the specificity of the interaction, we performed

both in �itro and in �i�o binding assays in a context other than

yeast. Full-length hUBC9 was expressed in bacteria as a GST

fusion protein, coupled to glutathione–Sepharose beads and

incubated with [$&S]methionine-labelled Fhit produced by in �itro

transcription and translation. Specifically bound protein was

separated on an SDS}15%-polyacrylamide gel. As shown in

Figure 3, Fhit interacted with GST–hUBC9, but not with GST

alone, in an in �itro GST pull-down assay.

In order to demonstrate the specific interaction in �i�o, Fhit

and hUBC9 were co-expressed in mammalian (CHO) cells, and
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Figure 5 Interaction of Fhit mutants with hUBC9 in a yeast two-hybrid
assay

Yeast strain L40 containing the LacZ reporter gene was co-transformed with the indicated Fhit

mutants fused into the LexA DNA-binding domain (DBD) of the plasmid pHybLex/Zeo (baits)

or vector alone, and full-length or truncated hUBC9 fused into the B42 activation domain

(Ad) of the plasmid pYESTrp. Protein interaction was assessed by both β-galactosidase

liquid assays (A) and β-galactosidase filter assays (B). The Fhit mutants were : Fhit-NT, Fhit

in which the C-terminal half (amino acids 82–147) was deleted ; Fhit-CT, Fhit in which the N-

terminal 81 amino acids were deleted ; Fhit-H96N, His! Asn mutation at codon 96 ; Fhit-

H94,96,98N, His! Asn mutations at codons 94, 96 and 98. (A) Individual colonies containing

the indicated protein pairs were taken from each plate and grown overnight in the liquid dropout

medium. Equal amounts of cells were collected and β-galactosidase activity was measured in

duplicate in the liquid assay. Data represent means³S.E.M. (A420/A600) of three independent

experiments. (B) At least six independent transformants were scored for the intensity of the

galactose-inducible blue colour that developed in the presence of X-Gal (5-bromo-4-chloroindol-

3-yl β-D-galactoside) : ­­­­ (strong interaction), dark blue developed in 30 min ;

­­­, dark blue observed in 2 h ; ­­, dark blue observed in 6 h ; ­, dark blue seen

in 16 h ; ®, white colonies after 16 h (no interaction).

extracts were immunoprecipitated with anti-Fhit polyclonal

antibody. The immunoprecipitates were separated on an SDS}
15%-polyacrylamide gel and analysed by Western blot with an

anti-hUBC9 monoclonal antibody. hUBC9 was detected (co-

immunoprecipitated) only in lysates from cells expressing both

Fhit and hUBC9, and was not found in cells expressing either

hUBC9 or Fhit alone (Figure 4). The fact that anti-Fhit antibody

can precipitate hUBC9 only when Fhit is present indicates the

presence of FHIT–hUBC9 immunocomplexes. No detection was

observed in cells expressing both Fhit and hUBC9 when rabbit

pre-immune serum was substituted for the anti-Fhit antibody

(results not shown). Taken together, the results support the

conclusion that Fhit and hUBC9 interact specifically both in

�itro and in �i�o.

Mutational analysis of the interaction between Fhit and hUBC9

To define the regions of Fhit that interact with hUBC9, we made

two deletion constructs : pHyblex}Fhit-NT, in which the C-

terminal half (amino acids 82–147) of Fhit was deleted, and

pHyblex}Fhit-CT (N-terminal 81 amino acids deleted). Fhit-NT

and Fhit-CT were detected as LexA–Fhit-NT and LexA–Fhit-

CT fusion proteins respectively by Western blot analysis, using

anti-LexA antibody (results not shown). As shown in Figure 5,

Fhit-NT did not interact with hUBC9, whereas Fhit-CT inter-

acted strongly with hUBC9, suggesting that the C-terminal half

of Fhit may be involved in the interaction between Fhit and

hUBC9.No interaction was observedwhen Fhitwas co-expressed

with the B42 activation domain alone or when hUBC9 was

co-expressed with the LexA DNA-binding domain alone.

Interestingly, Fhit-CT could modestly activate the B42 activation

domain in the absence of hUBC9, whereas Fhit itself could not

(Figure 5). Therefore the N-terminal half of Fhit may play a role

in inhibiting the C-terminal half self-activating the B42 activation

domain. Self-activation of the activation domain happens fre-

quently with transcription factors in yeast two-hybrid assays. It

is thus tempting to speculate that Fhit may have the capacity to

act as a transcription factor.

Since mutation at the histidine triad (H96N) abolishes Fhit

triphosphate (Ap
$
A) hydrolase activity, but does not interfere

with its tumour suppressive function [17], we wondered whether

mutation at the histidine triad would disrupt the interaction

between Fhit and hUBC9. Thus two constructs were made by

site-directed mutagenesis : pHyblex}Fhit-H96N (His!Asn at

codon 96) and pHyblex}Fhit-H94,96,98N (His!Asn at codons

94, 96 and 98). As shown in Figure 5, neither a single amino acid

substitution at codon 96 nor triple amino acid substitutions at

codons 94, 96 and 98 significantly affected the interaction,

indicating that the interaction of Fhit and hUBC9 is independent

of Fhit enzymic activity.

DISCUSSION

We have used the yeast two-hybrid screen to identify a protein

that interacts with Fhit. The protein is identical with the

previously cloned hUBC9. The majority of the hUBC9 clones (13

out of 16) identified were full-length, and the ones truncated were

those missing 21 amino acids at the C-terminus. Therefore full-

length or near full-length hUBC9 may be required to interact

with Fhit. The ability of both wild-type and mutant hUBC9 to

restore normal growth of yeast that carry a temperature-sensitive

mutant UBC9 gene demonstrates evolutionary conservation

of function, and that the C-terminal 21 amino acids of UBC9

are not of functional significance. The specific Fhit–hUBC9

interaction has been further confirmed by GST pull-down and

co-immunoprecipitation assays. Mutational analysis has shown

that the C-terminal half of Fhit may be involved in the

interaction between Fhit and hUBC9, and that mutation at the

histidine triad does not interfere with that interaction.

UBC9 is a member of a family of ubiquitin-conjugating

enzymes (E2) whose members are characterized by a highly

conserved domain of 16 kDa. This domain contains a centrally

located cysteine residue that is required for ubiquitin–enzyme

thiolester formation [22,23]. Ubiquitin}proteasome-dependent

proteolysis is involved in the breakdown of abnormal and short-

or long-lived proteins in eukaryotes [23]. The hallmark of this

pathway is the covalent attachment of ubiquitin to a target

protein. Three classes of enzymes participate in ubiquitin con-

jugate formation. These are ubiquitin-activating enzyme (E1),

ubiquitin-conjugating enzymes (E2) and ubiquitin ligases (E3).

Studies in the yeast S. cere�isiae have identified 13 different

ubiquitin-conjugating enzymes that are involved in various

cellular processes, such as DNA repair, cell cycle control,

transcription and protein translocation, suggesting that E2

enzymes may be involved in establishing the diversity and the

specificity of the ubiquitin-dependent proteolysis system [22].

Yeast UBC9 has been shown to be essential for cell viability by
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virtue of its ability to degrade B-type cyclins. Repression of

UBC9 synthesis in S. cere�isiae prevents cell cycle progression at

the G2- or early M-phase [20].

Although its precise role in mammalian cells has not yet been

fully characterized, UBC9 has been found to be associated with

a large variety of proteins, including the negative regulatory

domain of the Wilms’ tumour suppressor gene product (WT1)

[21], activating transcription factor 2 (ATF2) [24], transcription

factor E2A proteins [25], Fas antigen (CD95) [26], Rad51

recombination protein [27], nuclear factor-κB (NF-κB) inhibitory

protein (IκBα) [28] and the adenovirus E1A oncoprotein [29].

Apart from degradation of target proteins such as ATF2, IκBα

and E2A by ubiquitin conjugation, UBC9 has also been shown

to modulate the activity of target proteins through mechanisms

other than ubiquitination. For example, UBC9 relieves tran-

scription repression by interacting with TEL transcription factor

[30], and activates receptor-dependent transcription by inter-

acting with the androgen receptor [31]. UBC9 also catalyses

conjugation of the small ubiquitin-like molecule-1 (SUMO-1) to

Ran GTPase-activating protein (RanGAP1) [32]. SUMO-1 (also

known as sentrin, UBL1, GMP1 or PIC1) modifications have

been implicated in the targeting of proteins to the nuclear

envelope and intranuclear structures, and in converting proteins

that are resistant to ubiquitin-mediated degradation [33–36].

Several possible outcomes may result from the Fhit–hUBC9

interaction. First, hUBC9 may be involved directly in the

ubiquitin-dependent proteolysis of Fhit protein. Secondly,

hUBC9 may modulate Fhit activity by conjugating the latter

with SUMO-1 or through other pathways. Given that Fhit–Ap
$
A

complexes have been suggested as the active signalling form of

Fhit [13], such a modulation may have a significant role in

regulating the tumour suppressive activity of Fhit. Indeed,

hUBC9 has been implicated in interacting with the negative

regulatory domain of WT1 to repress transcription [21,37].

Furthermore, it appears that UBC9 could have dual functional

roles in regulating target proteins under different situations. As

a case in point, UBC9 has been shown to be involved in the

degradation of IκBα through ubiquitination, resulting in NF-κB

activation [28] ; on the other hand, UBC9-dependent SUMO-1

modification of IκBα inhibits NF-κB activation [36]. Lastly, Fhit

might modulate the activity of hUBC9. Although there is no

solid evidence yet supporting any of the aforementioned hy-

potheses, the involvement of UBC9 in a broad range of in-

tracellular processes, such as cell cycle control, apoptosis and

transcription, indicates that the interaction of Fhit and hUBC9

may be biologically significant.
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