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Figure 2. Riboprotein complex formation by UG repeats of FGF9 3'-UTR. (A) UV-cross-linking was conducted using biotinylated (UG); 5 oligoribo-
nucleotide and protein extracts (cytoplasmic extract, CE; nuclear extract, NE) prepared from HEK293 (left) and NT2D1 (right) cells. Excess molar
ratio of unlabeled cold probe was added as indicated in the competition assay. (B) The same labeled probe, cold probe and protein extracts as in (A),
were used in RNA-EMSA and showed similar results in HEK293 (left) and NT2D1 (right) cells. C1-C6: complexes 1-6. (C) (UG);5s binding proteins
identified by LC-MS. Proteins pulled down in the absence (left lane) or the presence of riboprobe (UG);s (right lane) were assayed by silver stain.
Differentially expressed bands (marked by 1-8) were excised for protein identification by LC-MS.

Table 1. Proteins identified by LC/MS/MS

No.* Gene name (gene symbol) Matched Gene ID Mass (kDa) Score Coverage (%)

1 Splicing factor proline/glutamine-rich (polypyrimidine tract 2i/119627826 105 506 22
binding protein associated), isoform CRA_a (SFPQ)

2 FUSE binding protein 3(FUBP3) 2i[100816392 67 123 17

3 Ras-GTPase-activating protein SH3-domain-binding protein gi|5031703 65 180 22
(G3BPI)

4 Non-POU domain containing, octamer-binding (NONO) 2i/34932414 62 633 20

5 Vimentin (VIM) 2i/340219 58 108 28

6 DNA polymerase delta interacting protein 3 isoform 2i|29837655 56 234 24
1(POLDIP3)

7 TAR DNA binding protein (TARDBP) 2i/6678271 47 235 16

8 Cleavage and polyadenylation specific factor 5 (NUDT21) 215901926 30 126 14

“No: number. The number follows the order indicated in Figure 2C.
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Figure 3. Identification of FUBP3 as UG-repeat binding protein. (A) The RNA—protein complex was detected using specific antibodies as indicated
in RNA-EMSA in the protein extracts from NT2D1 (left) and HEK293 (right) cells. CE, cytoplasmic extract; NE, nuclear extract. IgG was used as a
control. (B) Pull-down assays were performed using biotinylated (UG),s riboprobe and in vitro-transcribed FGF9 3’-UTR containing (UG),5 repeats
in the cytoplasmic extract from HEK?293 cells. Specific antibodies to FUBP3, GAPDH and AUF1 were used to detect the pulled-down proteins. H,O
and in vitro-transcribed GAPDH probe were used as negative controls for pull-down assays. (C) Immunoprecipitated RNA—protein complexes using
anti-FUBP3 antibody showed the presence of endogenous FGF9, but not GAPDH mRNA in HEK293 cells (lane 2). Goat normal IgG was used as a
control for the immunoprecipitation reaction. The enrichment of FGF9 mRNA precipitated by anti-FUBP3 antibody is shown relative to goat

normal IgG. Data were normalized to GAPDH.

decay system. FUBP3-specific shRNA was transfected
into HEK293 cells to knockdown the FUBP3 expression
and the effect on mRNA stability in cells with and without
FUBP3 knockdown were measured and compared. After
0, 15, 30, 60 and 120 min after adding actinomycin D (Act
D), RNA was extracted and the relative amounts of FGF9
to GAPDH mRNA at different time points were measured
using quantitative RT-PCR. The two regression lines
almost overlapped and the estimated half-life (#;,) for
cells transfected and untransfected with FUBP3 shRNA
were the same (P = 0.58; Figure 4B). As the stability of
FGF9 mRNA did not change upon FUBP3 depletion,
these results ruled out the possibility that FUBP3 regu-
lates FGF9 expression through mRNA stabilization and
suggested that FUBP3 contributes to FGF9 expression
through an increase in translational efficiency.

To test whether FUBP3 translationally controls
endogenous FGF9 protein expression, we first performed
ribosome complex pulldown assay (33) under the
condition of overexpressing FUBP3. RNA was isolated
from the immunoprecipated pellet as well as the initial

lysate, and amplified using quantitative RT-PCR. We
found that overexpression of FUBP3 protein increased
the ribosome-bound FGF9 mRNA by ~1.7-fold
(P = 0.001; Figure 4C, left) while there was no difference
of FGF9 mRNA level in the initial lysates (Figure 4C,
right). Next, we conducted sucrose gradient analysis of
ribosome-bounded FGF9 mRNA to examine the FGF9
translational efficiency in FUBP3-knockdown HEK293
cells. The polysome profiling revealed that translational
efficiency of FGF9 mRNA drops 13% (P <0.002; Figure
4D, right) while there is no change in the translational
efficiency of GAPDH gene (Figure 4D, left). Taken
together, these results support our hypothesis that
FUBP3 positively regulates the FGF9 protein expression
by promoting translational activity.

Synergistic effect of FUBP3 with FGF9 (UG), repeats

Four alleles with different length of TG repeats in FGF9
3’-UTR were found in Han Chinese (26). To determine
whether various numbers of UG repeats influence the
interaction with FUBP3 and thus have different effects,
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Figure 4. FUBP3 increased the expression of endogenous FGF9 and reporter proteins containing FGF9 3-UTR. (A) Representative western blots
and RT-PCR results from transient FUBP3 overexpression and shRNA knockdown. Endogenous FUBP3 (filled triangle) and overexpressed FUBP3
(open triangle) were shown in the top panel. Relative mRNA level (RT-PCR; middle panel) and protein amount (ELISA; bottom panel) were shown
under each treatments. (B) RNA stability assay showed that knockdown of FUBP3 had no effect on FGF9 turn-over rate. (C) FUBP3 overexpression
promotes FGF9 protein synthesis in HEK293 cells. The ribosome complexes were pulled down by 40S ribosomal protein S6 antibody from HEK293
cells overexpressing recombinant FUBP3. The mRNAs bound with ribosome complexes were extracted and analyzed by quantitative RT-PCR. FGF9
mRNA expression level was detected and normalized with the mRINA expression level of GAPDH. The total RNA was also extracted from HEK293
cell with or without FUBP3-overexpression (Right), and the FGF9 mRNA level was detected as an experimental comparison to the results showed in
(Left). (D) Relative translational efficiency representation of FGF9 and GAPDH in the polysomal fractions. Ribosome-associated transcripts were
measured using quantitative RT-PCR and translational efficiency of FGF9 and GAPDH under FUBP3-knockdown were normalized with the
translational efficiency in GFP-knockdown cells. **P <0.01; ***P <0.001.

we used constructs containing different numbers of TG
repeats (Figure 5A) in reporter gene assays under
FUBP3 overexpression or knockdown in HEK293 cells.
Overexpression of FUBP3 significantly promoted reporter
gene activity (Figure 5B). In addition, reporter constructs
containing (TG)3 (P <0.01) and (TG)14 (P <0.01) repeats
had a more prominent effect than that containing (TG);¢
repeats in responding to FUBP3 overexpression. On the
other hand, the structural effect of (TG) repeat in FUBP3
knockdown cells was not statistically distinguishable
(Figure 5C). These data mirror the results presented in
the structure prediction (Figure 1B) and suggest that the

number of TG repeats in FGF9 3-UTR and levels of
FUBP3 protein collaboratively fine tune the expression
of FGF9.

DISCUSSION

In the present study, we found that FUBP3 is able to
interact with FGF9 3-UTR (UG) repeats to control
FGF9 expression in both HEK293 and NT2D1 cells.
Furthermore, FUBP3 overexpression or knockdown
resulted in an increased or reduced FGF9 expression.
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Figure 5. Synergistic effect of FUBP3 with FGF9 (UQG), repeats. (A) Schematic diagram of reporter constructs containing partial FGF9 3'-UTR with
various TG repeats. Reporter activities of various constructs from HEK293 cells overexpressing (B) or knockdown (C) FUBP3. All values were
normalized to Renilla luciferase activity produced from a cotransfected control plasmid. Error bars represent standard deviations from three inde-
pendent transfections. Statistical analyses were conducted by one-way ANOVA. *P <0.05; **P <0.01.

We also demonstrated, while depletion of FUBP3 had no
effect on FGF9 mRNA stability, the altered FGF9 protein
expressions under FUBP3 overexpression and knockdown
are in association with concordant changes of
ribosome-bound FGF9 mRNAs. These results show that
FUBP3 regulates FGF9 expression through a mechanism
involved in translational efficiency.

FGF9 is a potent mitogen, angiogenic, osteogenic and
morphogenic factor besides its role in lung (review see (35)
and gonad developments [review see (36)]. Aberrant ex-
pression of FGF9 usually results in dramatic effects in
physiological and pathological processes. Thus, FGF9 ex-
pression needs to be tightly controlled to properly regulate
various physiological processes. In this study, we found
that knockdown of FUBP3 reduced FGF9 protein by
20%, a change that is not enormously huge but should
be biologically relevant. It is quite common under physio-
logical conditions that small fluctuation of ligands (such as
neurotransmitters or ions) usually leads to a series of chain
reaction that ultimately results in huge physiological
response. Behr er al. (37) demonstrated in a mouse
model that only 50% decrease in fgf9 (i.e. fgf9™")
severely impair bone repair and vessel formation.
Considering that FGF9 modulates various signaling

pathways including VEGF (38) and sonic hedgehog (39),
and the knockdown is not 100% efficient in the current
study, the actual magnitude of FUBP3-regulated FGF9
protein expression might be greater and effect of FGF9
will be augmented in vivo.

Human FUBP3 belongs to a regulatory gene family
consisting of three members, FUBP1, KH-type splicing
regulatory protein (KHSRP, also known as FUBP2),
and FUBP3 (40). Although the three members share
highly conserved sequence and structure (40), their func-
tions are quite diverse. FUBPI1 is a single-strand DNA-
binding protein which activates ¢-myc proto-oncogene ex-
pression by binding to the non-coding strand cis FUSE,
encompassing positions —1554 to —1526 of c-myc (41).
KHSRP interacts with ARE-containing mRNAs and is
a key mediator of mRNA decay (42). Independent of
the role in RNA degradation, KHSRP also regulates the
maturation of a subset of miRNAs (43). Although FUBP3
is the strongest activator among this family (44), it has no
effect on the transcription of FGF9 as shown in this study
and a survey of genes regulated by siFBPs (44). Our data
indicated that FUBP3 executed its effect at the
post-transcriptional rather than at the pre-transcriptional
level. Unlike the other two members, there was no

9T0Z ‘ST Jequeldes uo A1sBAIuN SIS eiLRA|ASUURd T /B10'seulnolplojxo reuy/:dny wody papeojumoq


http://nar.oxfordjournals.org/

3592 Nucleic Acids Research, 2011, Vol. 39, No. 9

evidence indicating an association of FUBP3 with
RNA (42,45,46). The subcellular localization of FUBP3
in both cytoplasm and nucleus also distinguished it from
the other two, that were restricted to the nucleus (44),
implying its distinct role in gene regulation. However,
we here report the first evidence that FUBP3 binds to
FGF9 mRNA and the specific protein—-RNA interaction
translationally controls FGF9 gene expression.

Earlier, we provided evidence that the TG repeat
located on the FGF9 3'-UTR is a functional element that
controls FGF9 mRNA stability and regulates FGF9
expression (26). It is worth noting that the factor we
identified in this study, FUBP3, has no destabilizing
effect on FGF9 mRNA. Instead, it positively regulates
FGF9 expression through a mechanism related to trans-
lational efficiency. Thus though FUBP3 binds to FGF9
UG repeats and contributes to the regulation of FGF9
expression, it is not the factor we originally found in
our earlier study. Indeed, data from RNA-EMSA
demonstrated that at least six proteins can form complexes
with (UG);5 riboprobe in the cytoplasmic fraction, while
five protein—-RNA complexes were found in the nuclear
fraction. These studies demonstrated that other factors
are involved in the regulation of FGF9 mRNA stability.
Nevertheless, the FUBP3-(UG);s complex only exists in
the cytoplasmic fraction (i.e. C3 complex), suggesting the
effect of FUBP3 is involved in the later process of gene
expression where the interaction mainly occurs in the cyto-
plasmic compartment.

Recent studies demonstrated that mRNAs that encode
proteins with similar functions are coordinately regulated
by the same RBP to form a post-transcriptional network
called an RNA regulon (47). On the other hand, many
RBPs may coordinately bind to the same transcript to
regulate gene expression. Beside the TG repeats, we also
found a functional AU-rich element (ARE) in the 3'-UTR
of the FGF9 gene. The interaction between FGF9 ARE
and AU-rich element binding protein 1 (AUF1) contrib-
utes to the destabilization of FGF9 mRNA and leads to a
reduction of FGF9 expression (34). Together with the
findings from this study, these results demonstrated the
presence of two cis-elements that communicate with dif-
ferent cellular factors and trigger different mechanisms to
regulate FGF9 expression post-transcriptionally.

Our team has been engaging to study the function and
regulation of FGF9 for a long time. We are the first group
to report FGF9 function is involved in steroidogenesis
(16), and associated with human male-to-female sex
reversal (26) and endometriosis (19). In addition, we
identified PGE, promotes FGF9 mRNA expression (25)
and AUF1 downregulate FGF9 mRNA stability (34).
These studies make us believed the expression of FGF9
is under many layers of controls to keep the FGF9 homeo-
stasis in a cell. Our goal is to establish the regulatory
network of FGF9 expression and illustrate the conse-
quence of deregulated FGF9 expression. The current
study demonstrates that translational regulation is
another level that cells will use to regulate FGF9 protein
production, an important step in the central dogma
control of gene expression. Furthermore, results from
this study strongly support the existence of a complex

regulatory network of FGF9 gene expression to
fine-tune FGF9 homeostasis. Finally, our study reports
the novel RNA-binding property of FUBP3 and its role
in regulation of translational efficiency. Thus it raises the
possibility that some diseases induced by FGF9
over-expression might be a consequence of FUBP3
dysregulation. Further studies are necessary to elucidate
this proposed possibility.
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