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Transforming growth factor-b (TGF-b)-stimulated clone-22
(TSC-22), also called TSC22D1-2, is a putative tumor suppressor.
We previously identified TSC-22 downstream of an active mutant
of fms-like tyrosine kinase-3 (Flt3). Here, we show that TSC-22
works as a tumor suppressor through inhibiting Ras ⁄ Raf signaling.
Notably, TSC-22 was upregulated by Ras ⁄ Raf activation, whereas
its upregulation was inhibited by concurrent STAT5 activation.
Although TSC-22 was normally retained in the cytoplasm by its
nuclear export signal (NES), Ras ⁄ Raf activation caused nuclear
translocation of TSC-22, but not TSC22D1-1. Unlike glucocorticoid-
induced leucine zipper (GILZ ⁄ TSC22D3-2) previously characterized
as a negative regulator of Ras ⁄ Raf signaling, TSC-22 failed to inter-
act physically with Ras ⁄ Raf. Importantly, transduction with TSC-22,
but not TSC22D1-1, suppressed the growth, transformation and
tumorigenesis of NIH3T3 cells expressing oncogenic H-Ras: this
suppression was enhanced by transduction with a TSC-22 mutant
lacking NES that had accumulated in the nucleus. Collectively,
upregulation and nuclear translocation of TSC-22 played an impor-
tant role in the feedback suppression of Ras ⁄ Raf signaling. Consis-
tently, TSC22D1-deficient mice were susceptible to tumorigenesis
in a mouse model of chemically-induced liver tumors bearing
active mutations of Ras ⁄ Raf. Thus, TSC-22 negatively regulated
Ras ⁄ Raf signaling through a mechanism different from GILZ, impli-
cating TSC-22 as a novel suppressor of oncogenic Ras ⁄ Raf-induced
tumors. (Cancer Sci 2012; 103: 26–33)

T he gene encoding transforming growth factor b (TGF-b)-
stimulated clone-22 (TSC-22) was originally isolated as a

TGF-b-inducible gene.(1) The TSC-22 domain (TSC22D) family
of leucine zipper protein includes TSC22D1, TSC22D2,
TSC22D3 and TSC22D4. TSC-22, also called TSC22D1-2, is a
short isoform of TSC22D1 including two splice variants,
whereas TSC22D1-1 is a long splice variant.(2–4) Glucocorti-
coid-induced leucine zipper (GILZ), also called TSC22D3-2, is
a splice variant of TSC22D3.(4–7) TSC-22 contains a nuclear
export signal (NES) at the N-terminus, followed by a TSC-box
and a leucine zipper motif.(2,3,8,9) TSC-22 homodimerizes or
heterodimerizes with other transcription factors.(10) Forced
expression of TSC-22 induces growth suppression, apoptosis or
differentiation in several tumor ⁄ leukemia cell lines.(11–14) Inter-
estingly, expression of TSC-22 was downregulated in several
cancers.(15–17) In addition, TSC-22 was epigenetically silenced
in large granular lymphocyte leukemia.(14) In contrast, TSC-22
was upregulated by many different stimuli.(1,2) However, the
mechanism underlying the transcriptional upregulation of TSC-
22 has remained obscure. We recently reported that TSC-22 was
upregulated by an active mutant of FMS-like tyrosine kinase-3
(Flt3) harboring a point mutation in the kinase domain
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(Flt3-TKD).(13) In contrast, a Flt3 active mutant harboring an
internal tandem duplication in the juxtamembrane domain (Flt3-
ITD) did not significantly increase TSC-22 expression.(13) Accord-
ing to extensive research, both Flt3-TKD and Flt3-ITD constitu-
tively activate both Ras and the signal transducer and activator of
transcription 5 (STAT5), but STAT5 activation is prominent in
the signaling pathway downstream of Flt3-ITD as compared with
Flt3-TKD.(18–21) Therefore, we hypothesized that TSC-22 expres-
sion was regulated by Ras and ⁄ or STAT5 activation.

Constitutive activation of Ras ⁄ Raf ⁄ MEK ⁄ ERK signaling
pathways promotes tumorigenesis; oncogenic Ras or B-Raf
mutations are found in 30 or 8%, respectively, of human can-
cers.(22–27) Intriguingly, GILZ serves as a negative regulator of
Ras signaling, through its direct binding to both Ras and
Raf.(28,29) However, the impact of TSC-22 on Ras signaling
remains to be resolved. In the present study, we delineated that
TSC-22 was a novel negative-feedback regulator of Ras ⁄ Raf
signaling.

Materials and Methods

Cells. Ba ⁄ F3 cells, Ba ⁄ F3-Draf(DD)14 (kindly provided by
Takaya Satoh, Kobe University, Japan and Martin McMahon,
UCSF, USA), NIH3T3 cells, 293T cells and Plat-E cells were
maintained, as described previously.(13,30,31)

Reagents. Cytokines were obtained from R&D Systems
(Minneapolis, MN, USA). Mouse anti-Ras Ab (clone RAS10)
was from Millipore (Billerica, MA, USA). Rabbit anti-TSC-22
Ab was generated as described previously.(13) All other reagents
were from Sigma-Aldrich (Saint Louis, MO, USA) unless stated
otherwise.

DNA constructs. The cDNA fragment of TSC-22, TSC22D1-
1 or GILZ was tagged with a Flag epitope at the C terminus.
The resultant TSC-22-, TSC22D1-1-, or GILZ-Flag was
subcloned into pMXs-IRES-puror (pMXs-IP) to generate pMXs-
TSC-22-, TSC22D1-1- or GILZ-Flag-IP. Deletion mutants of
TSC-22-Flag, TSC-22-DNES-Flag and TSC-22-Dbox-Flag,
were generated by PCR, using pMXs-TSC-22-Flag-IP as a tem-
plate and mutant synthetic oligonucleotides as primers: TSC-22-
DNES-Flag was devoid of the N-terminal region (1–33 amino
acids) containing NES; TSC-22-Dbox-Flag was devoid of a
TSC-box (34–64 amino acids). Fag-tagged TSC-22 mutants were
subcloned into pMXs-IP to generate pMXs-TSC-22-DNES-
Flag-IP or pMXs-TSC-22-Dbox-Flag-IP. An oncogenic H-Ras-
G12V, K-Ras-G12V or M-Ras-G22V generated using two-step
PCR methods was subcloned into pMXs-IRES-blasticidiner
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(pMXs-IB) to generate pMXs-H-Ras-G12V, pMXs-K-Ras-
G12V or pMXs-M-Ras-G22V-IB. Other plasmids have been
described previously.(13,20,32,33)

Transfection and infection. Retroviral transfection was per-
formed as described previously.(13,33,34)

Diethylnitrosamine-induced liver tumor model. WT and
TSC22D1-deficient mice on a C57BL ⁄ 6 background were
housed according to the guidelines of the Institute of Medical
Science, University of Tokyo. All procedures were approved by
an institutional review committee. For hepatocarcinogenesis,
male mice were intraperitoneally injected with 25 mg ⁄ kg of
diethylnitrosamine (DEN) (Sigma-Aldrich) at 15 days of age.
These mice were observed for development of tumors, and were
killed at 8 months of age for assessment of liver tumors, as
described previously.(35–37) Briefly, the largest lobes were
removed and fixed in 4% paraformaldehyde overnight. For each
mouse, externally visible tumors larger than 0.5 mm were
counted, and the maximum tumor diameter was measured.

Immunoprecipitation and western blot analysis. Immunopre-
cipitation and Western blotting were performed as described
previously.(13)

Analysis of cell growth. Cell growth was estimated by quanti-
tating luminescence, as described previously.(13)

Gene expression analysis. Real-time reverse transcription-
polymerase chain reaction was performed, as described previ-
ously.(38) cDNA was amplified under the following conditions:
one cycle of 95�C for 10 s, 40 cycles of 95�C for 5 s and 60�C
for 25 s. All samples were independently analyzed at least three
times. The following primers were used: 5¢-ATCCCAATGGT-
GTAGACCAGAGA-3¢ and 5¢-ACACTTGC ACCAGAGCT-
ATT-3¢ for TSC-22; 5¢-CGTTTCTTCCTCTCCTGTTGCT-3¢
and 5¢-CTGTGCAAGTCCATCGACCT-3¢ for TSC22D1-1; 5¢-
CATCACTATTGGCAACGAGC-3¢ and 5¢-ACGCAGCTCAG-
TAACAGTCC-3¢ for b-actin.

In vitro and in vivo transformation assays. For focus-forma-
tion assays, NIH3T3 cells transfected with indicated plasmids
were cultured for 2 weeks without antibiotic selection, and
focus-formation was visualized by crystal violet staining and
counted. For soft agar colony formation assays or tumor forma-
tion assays, we first generated a pool of NIH3T3 cells that had
been infected with retroviruses harboring H-Ras-G12V and
selected with blasticidine. Then, H-Ras-G12V-transduced
NIH3T3 cells were further infected with retroviruses harboring
TSC-22 WT or mutants and selected with puromycin. We used
a pool of the transduced cells in the experiments. For soft agar
colony formation assays, proliferation at 3 weeks after a semi-
solid culture was assessed by manual counting of colonies gen-
erated by the transduced NIH3T3 cells. For tumor formation
assays, NOD ⁄ SCID mice (Charles River Laboratories, Yoko-
hama, Japan) were subcutaneously inoculated with equal num-
bers (2 · 106) of the transduced NIH3T3 cells. At the indicated
time, the mice were killed and tumor weights were measured.

Immunostaining. Immunostaining of 293T cells transiently
transfected with indicated expression plasmids was performed,
as described previously.(38)

Statistical analysis. Statistical significance was calculated
using the Student t-test for independent variables in Excel
(Microsoft). P-values <0.05 were considered statistically signifi-
cant.

Results

Ras ⁄ Raf activation upregulated TSC-22, while concurrent signal
transducer and activator of transcription 5 activation was able to
inhibit its upregulation. We have previously shown that TSC-22
is upregulated by Flt3-TKD, but not Flt3-ITD.(13) To address the
underlying mechanism, we first examined whether the active
mutant of Ras or STAT5 affected TSC-22 expression as both Ras
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and STAT5 are key effectors downstream of Flt3 active
mutants.(19,21) By using RT-PCR analysis, we confirmed that
TSC-22 transcript levels were higher in Flt3-TKD-transduced
Ba ⁄ F3 cells as compared with Flt3-ITD-transduced or mock-
transduced Ba ⁄ F3 cells (Fig. 1A). Notably, TSC-22 transcript
levels of Ba ⁄ F3 cells expressing active mutant of H-Ras were
much higher than those of mock-transduced Ba ⁄ F3 cells, indicat-
ing that H-Ras activation upregulated TSC-22 (Fig. 1A). In con-
trast, transduction with the active mutant of STAT5 lowered
transcript levels of TSC-22 in Ba ⁄ F3 cells (Fig. 1A). Consis-
tently, transient expression of oncogenic H-Ras induced the tran-
scriptional activation of TSC-22 promoter in 293T cells
(Fig. S1A). As illustrated by Western blot analysis, transduction
with oncogenic K-Ras and M-Ras as well as H-Ras led to the
upregulation of TSC-22 at protein levels in Ba ⁄ F3 cells (Fig. 1B).
In addition, TSC-22 protein levels were higher in oncogenic
H-Ras-transduced NIH3T3 cells as compared with mock-trans-
duced NIH3T3 cells (Fig. 1C). Expression of oncogenic Ras pro-
teins transduced into Ba ⁄ F3 cells or NIH3T3 cells was confirmed
by using anti-Ras Ab (Fig. 1B,C). Collectively, these results indi-
cate that Ras activation upregulated TSC-22 at both transcript and
protein levels independently of cell type. In contrast, Flt3-ITD,
Flt3-TKD or active mutant of H-Ras or STAT5 did not signifi-
cantly change the expression of TSC22D1-1, a long splice variant
of TSC22D1 (Fig. 1A). To examine whether activation of Raf ⁄ -
MEK ⁄ ERK signaling downstream of Ras was involved in the
upregulation of TSC-22, we applied a system in which b-estradiol
stimulation induces Raf activation in Ba ⁄ F3 cells.(31) Remark-
ably, treatment with b-estradiol induced ERK phosphorylation as
well as the upregulation of TSC-22 at protein levels 4–8 h after
the stimulation (Fig. S1B). These results indicated that Ras acti-
vation upregulated TSC-22 mainly through Raf ⁄ MEK ⁄ ERK sig-
naling pathways. In contrast, Ras activation did not upregulate
GILZ (Fig. S2). Based on the finding that STAT5 activation was
prominent in the signaling downstream of Flt3-ITD as compared
with Flt3-TKD,(19–21) we speculated that the marked activation of
STAT5 in Flt3-ITD-expressing cells is responsible for the down-
regulation of TSC-22. Indeed, further transduction with the active
mutant of STAT5 downregulated TSC-22 at transcript levels in
Flt3-TKD-expressing or oncogenic H-Ras-expressing Ba ⁄ F3
cells (Fig. 1D,E). Taken together, Ras ⁄ Raf activation upregulat-
ed TSC-22, whereas concurrent STAT5 activation was able to
inhibit its upregulation.

Enforced expression of TSC-22, but not TSC22D1-1, suppressed
the growth, transformation and tumorigenesis of NIH3T3 cells
expressing oncogenic H-Ras. We found the growth-suppressive
effect of TSC-22 in non-hematopoietic NIH3T3 cells as well as
in several hematopoietic cell lines.(13) Notably, transduction
with TSC22D1-1 did not affect the growth in NIH3T3 cells
(Fig. S3). These results imply that TSC22D1 variants (TSC22
and TSC22D1-1) have different effects on cell growth. More-
over, cell cycle and apoptosis analysis showed that TSC-22
inhibited the growth of NIH3T3 cells by both suppressing prolif-
eration and promoting apoptosis (data not shown). We next
asked whether TSC-22 modulated Ras ⁄ Raf signaling after being
upregulated by Ras ⁄ Raf activation. Similar to parental NIH3T3
cells, oncogenic H-Ras-expressing NIH3T3 cells suffered
growth suppression by further transduction with TSC-22, but
not TSC22D1-1 (Fig. 2B). We also note the suppressive effect
of TSC-22 on the oncogenic H-Ras-induced transforming activ-
ity. As shown in Figure 2(C), the number of transformation foci
induced by oncogenic H-Ras in NIH3T3 cells was lowered by
co-transfection with the TSC-22 expression vector at levels
comparable to that with the GILZ expression vector. In contrast,
co-transfection with the TSC-22 expression vector did not affect
the oncogenic Src-induced transforming activity (Fig. 2D), indi-
cating that the role of TSC-22 in the suppression of oncogenic
transformation is specific to Ras-induced transformation. Of
Cancer Sci | January 2012 | vol. 103 | no. 1 | 27
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Fig. 1. Ras activation upregulated TSC-22, while STAT5 activation suppressed the upregulation. (A) Relative expression levels of TSC-22 or
TSC22D1-2 of Ba ⁄ F3 cells transduced with Flt3-D835V, Flt3-ITD, H-Ras-G12V, STAT5A1*6 or mock were estimated by using RT-PCR. (B and C)
Lysates of Ba ⁄ F3 cells transduced with H-Ras-G12V, K-Ras-G12V, M-Ras-G12V or mock (first and second panel in B) and lysates of NIH3T3 cells
transduced with H-Ras-G12V or mock (first panel in C) were immunoprecipitated with anti-TSC-22Ab, followed by immunoblotting with the
same Ab. Cell lysates were immunoblotted with anti-Ras Ab (third panel in B, second panel in C) or anti-a-tublin Ab (fourth panel in B, third
panel in C). (D and E) Relative expression levels of TSC-22 among Ba ⁄ F3 cells transduced with Flt3-ITD, Flt3-D835V, Flt3-D835V plus STAT5A1*6,
or mock (D) or Ba ⁄ F3 cells transduced with H-Ras-G12V, H-Ras-G12V plus STAT5A1*6, or mock (E), estimated using RT-PCR. (A–E) Data are
representative of three independent experiments.
note, TSC22D1-1 failed to impact on the oncogenic Ras-induced
and Src-induced transforming activity (Fig. 2C,D). Anchorage-
independent colony formation of oncogenic H-Ras-transduced
NIH3T3 cells in soft agar was also suppressed by transduction
with TSC-22 (Fig. 2E). Importantly, small interference RNA
treatment of oncogenic H-Ras-transduced NIH3T3 cells with
TSC-22 oligonucleotides, but not nonspecific oligonucleotides,
decreased protein expression of TSC-22 (Fig. S4), and enhanced
28
the growth and anchorage-independent colony formation of
these cells (Fig. S5). These results indicate that TSC-22, but not
TSC22D1-1, negatively regulated oncogenic H-Ras signaling
in vitro. To further explore whether TSC-22 inhibited oncogenic
H-Ras-induced tumorigenesis, we subcutaneously injected equal
numbers of NIH3T3 cells transduced with oncogenic H-Ras
alone or with TSC-22 or TSC22D1-1 into the flanks of
immunocompromised mice. After injection, subcutaneous
doi: 10.1111/j.1349-7006.2011.02108.x
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Fig. 2. TSC-22-mediated suppression of the growth and transformation of NIH3T3 cells expressing oncogenic H-Ras was enhanced by the
deletion of a nuclear export signal (NES). (A) Schematic of TSC22D1-1, TSC-22 and TSC-22 mutants. The domain of NES, TSC-box or leucine zipper
(LZ) is indicated. (B) The growth of NIH3T3 cells transduced with H-Ras-G12V plus TSC22D1-1, TSC-22, TSC-22-DNES, TSC-22-Dbox or mock. The
means and the SD are shown, representing three independent experiments. (C) NIH3T3 cells were transfected with pMXs-H-Ras-G12V-IB plus
pMXs-TSC22D1-1-, TSC-22-, TSC-22-DNES-, or GILZ, glucocorticoid-induced leucine zipper.(GILZ)-Flag-IP or pMXs-IP, or pMXs-IB plus pMXs-IB. (D)
NIH3T3 cells were transfected with pBabe-puro-v-Src together with pMXs-TSC22D1-1-, TSC-22-, or TSC-22-DNES-Flag-IP or pMXs-IP. The number of
the foci in each dish was measured 14 days after transfection. (E) NIH3T3 cells transduced with H-Ras-G12V plus TSC-22-Flag, TSC-22-DNES-Flag,
TSC-22-Dbox-Flag or mock were cultured in soft agar for 21 days. The number of the colony in each dish was measured. (C–E) The means and SD
of four dishes, representing three independent experiments, are shown. **Levels of significance where P < 0.01.
tumors grew rapidly in the mice injected with NIH3T3 cells
transduced with oncogenic H-Ras alone or oncogenic H-Ras
with TSC22D1-1. In contrast, the growth of tumors formed by
NIH3T3 cells expressing oncogenic H-Ras with TSC-22
appeared to be slow. Consistent with these observations, the
mice inoculated with NIH3T3 cells expressing oncogenic H-Ras
with TSC-22 had tumors of significantly lower weight compared
with those inoculated with NIH3T3 cells expressing oncogenic
H-Ras alone or oncogenic H-Ras with TSC22D1-1 (Figs. 3A,B).
These results indicate that TSC-22, but not TSC22D1-1, sup-
pressed the in vivo tumorigenesis of NIH3T3 cells expressing
oncogenic H-Ras.

TSC-22-mediated suppression of Ras ⁄ Raf signaling was
dampened by the deletion of a TSC-box, while it was enhanced
by the deletion of a nuclear export signal. To explore which
domain of TSC-22 played an important role in the suppression
of Ras ⁄ Raf signaling, we constructed a TSC-22 mutant lacking
an NES (TSC-22-DNES) or a TSC-box (TSC-22-Dbox)
Nakamura et al.
(Fig. 2A). Expression of TSC-22 mutants in the transduced
NIH3T3 cells was confirmed by using anti-Flag Ab (Fig. 3C).
Interestingly, the deletion of a TSC-box dampened the suppres-
sive effect of TSC-22 on the growth and tumorigenesis of
NIH3T3 cells expressing oncogenic H-Ras (Figs 2B,E,3B), indi-
cating that a TSC-box played a critical role in the suppressive
function of TSC-22. In contrast, the deletion of an NES tended
to enhance the ability of TSC-22 to suppress oncogenic H-Ras-
induced activation events (Figs 2B,C,E,3B). These results indi-
cated that the localization of TSC-22 was closely related to its
function. To confirm this, 293T cells transiently expressing a
Flag-tagged TSC-22, TSC22D1-1 or TSC22-DNES were immuno-
stained with anti-Flag Ab. Microscopic examination showed that
both TSC-22 and TSC22D1-1 were localized in the cytoplasm
under steady state conditions, while TSC22-DNES was
expressed in the nucleus as well as in the cytoplasm (Fig. 4A,B).
Therefore, TSC-22 was normally retained in the cytoplasm by
its NES, which is in accordance with the previous reports.(9) We
Cancer Sci | January 2012 | vol. 103 | no. 1 | 29
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Fig. 3. In vivo growth of NIH3T3 cells expressing H-Ras-G12V was
suppressed by enforced expression of TSC-22. (A) Representative
appearance of the tumors expressing H-Ras-G12V plus TSC-22 (right)
or mock (left). Scale bar, 1 cm. (B) Equal number of NIH3T3 cells
transduced with H-Ras-G12V plus TSC22D1-1, TSC-22, TSC22-DNES,
TSC-22-Dbox or mock were subcutaneously injected into NOD-SCID
mice (eight per group). Tumor weights were measured 20 days after
injection. The mean and the SD of each group are shown,
representing two independent experiments. *Levels of significance
where P < 0.05. (C) Expression of TSC22D1-1, TSC-22, TSC-22-DNES or
TSC-22-Dbox in the transduced NIH3T3 cells. Cell lysates were
immunoprecipitated with anti-Flag Ab followed by immunoblotting
with anti-Flag Ab (first and second panel) or immunoblotted with
anti-a-tublin Ab (third panel). Data are representative of three
independent experiments.

(A)

(B)

Fig. 4. Ras activation induced the nuclear translocation of TSC-22,
but not TSC22D1-1 in 293T cells. (A) 293T cells were transiently
transfected with pMXs-TSC22- or TSC22-DNES-Flag-IP or pMXs-IP. After
48 h, the cells were stained with mouse anti-Flag Ab (M2), followed
by secondary staining with Alexa Fluor 546-conjugated goat anti-
mouse IgG Ab. (B) The 293T cells were transiently transfected with
pMXs-H-Ras-G12V-IB or pMXs-IB together with pMXs-TSC22D1-1- or
TSC-22-Flag-IP. After 48 h, the cells were stained with rabbit anti-Flag
Ab or mouse anti-Ras Ab, followed by secondary staining with Alexa
Fluor 546-conjugated goat anti-rabbit IgG Ab or Alexa Fluor 488-
cnjugated goat anti-mouse IgG Ab, respectively. Nuclei were
counterstained with Hoechst (H33342). Fluorescent images were
examined using a laser confocal microscope. The data shown are
representative of five independent experiments. Scale bar, 10 lm.
next asked if Ras ⁄ Raf activation affected the localization of
TSC-22. After Flag-tagged TSC-22 or TSC22D1-1 together
with oncogenic H-Ras or mock were transiently expressed in
293T cells, we performed similar experiments by using anti-
Flag Ab or anti-Ras Ab. As shown in Fig. 4B, H-Ras acti-
vation induced nuclear translocation of TSC-22, but not of
TSC22D1-1, although oncogenic H-Ras was substantially
localized in the cytoplasm. In addition, transient expression
of an active mutant of Raf also caused the nuclear transloca-
tion of TSC-22, whereas that of the active mutant of STAT5
did not (Fig. S6). Although it has been reported that GILZ
negatively regulates Ras ⁄ Raf signaling through its binding to
Ras or Raf,(28,29) we were not able to detect any physical
interaction of TSC-22 and Ras ⁄ Raf in the immunoprecipita-
tion experiments (Fig. S7 and data not shown). Therefore,
Ras ⁄ Raf activation led to the translocation of TSC-22, but
not TSC22D1-1, from the cytosol to the nucleus, where TSC-
22 negatively regulated Ras ⁄ Raf signaling by a mechanism
different from GILZ.
30
TSC22D1-deficient mice were susceptible to tumorigenesis in
a mouse model of carcinogen-induced liver tumors involving
B-Raf mutations. For further analysis, we used TSC22D1-
deficient mice in which retroviral insertion in the first intron of
TSC-22 disrupted expression of both TSC22D1-1 and TSC-22
(TSC22D1-2) (Data S1 and Fig. S8).(39,40) Indeed, Western blot
analysis showed that protein expression of both TSC22D1-1 and
TSC-22 were absent in brain lysates of TSC22D1-deficient
mice (Fig. S8C). TSC22D1-deficient mice were born at the
expected Mendelian ratio and showed no obvious abnormalities,
including spontaneous tumors. We next asked whether the
negative-feedback effect of TSC-22 on Ras ⁄ Raf signaling
was implicated in the formation of tumors induced by active
mutations of Ras ⁄ Raf. To this end, we compared N-nitrosodi-
ethylamine (DEN)-induced hepatocartinogenesis in WT and in
doi: 10.1111/j.1349-7006.2011.02108.x
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TSC22D1-deficient mice, because it had been reported that most
of C57BL ⁄ 6 mice developed B-Raf-mutated hepatocellular
carcinoma (HCC) where the downstream signaling was constitu-
tively activated.(35,37,41) In fact, B-Raf mutation (B-Raf(V637E))
was observed in HCC samples derived from the WT mice
(n = 3) and TSC22D1-deficient mice (N = 4) (data not shown).
We found that WT mice developed liver tumors of varying num-
bers and sizes 8 months after treatment with DEN. Measurement
revealed that the tumors formed in TSC22D1-deficient mice
were significantly larger and more numerous than those in WT
mice (Fig. 5A,B). Considering that TSC-22, but not TSC22D1-
1, negatively regulated Ras ⁄ Raf signaling, the enhancement of
DEN-induced hepatocarcinogenesis in TSC22D1-deficient mice
was presumably due to the lack of TSC-22, but not TSC22D1-1.
These results, taken together, implicate TSC-22 as a suppressor
of tumors bearing Ras ⁄ Raf mutations.

Discussion

In the present study, we delineated a novel mechanism to reg-
ulate TSC-22 expression: Ras ⁄ Raf activation upregulated
TSC-22 at both transcription and protein levels, while the
prominent activation of STAT5 counteracted with Ras-induced
upregulation of TSC-22. These results explain why TSC-22
expression was differently regulated by the two types of Flt3
active mutants. Of note, TSC22D1-1 expression was not sig-
nificantly affected by Ras ⁄ Raf and ⁄ or STAT5 activation.
Taken together, it is likely that TSC-22 expression is regulated
by the balance of Ras ⁄ Raf and STAT5 activation in the cells.
However, we cannot rule out the involvement of other signal-
ing pathways in regulating TSC-22 expression. Because GILZ
(TSC22D3-2) was reported to negatively regulate Ras ⁄ Raf sig-
naling, we speculated that TSC-22 was a negative regulator of
Ras ⁄ Raf signaling as well.(28,29) Indeed, this hypothesis was
supported by our observations that enforced expression of
TSC-22 inhibited the growth, transformation and tumorigene-
(A)

(B)

Fig. 5. TSC22D1-deficient mice were susceptible to tumorigenesis in a
mouse model of DEN-induced liver tumors involving B-Raf mutations.
(A) WT and TSC22D1-deficient male mice were killed to measure the
number and maximum size of DEN-induced tumors. Representative
photograph of livers derived from WT and TSC22D1-deficient mice.
Scale bar, 1 cm. (B) Maximum size (left panel) and number (right
panel) of DEN-induced tumors are shown in each of WT mice or
TSC22D1-deficient mice. The mean maximum size and number in WT
mice (n = 15) or TSC22D1-deficient mice (n = 15) is indicated. **Levels
of significance where P < 0.01.
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sis of NIH3T3 cells expressing oncogenic H-Ras and that
knockdown of TSC-22 enhanced the growth and anchorage-
independent colony formation of oncogenic H-Ras-transduced
NIH3T3 cells. However, we were not able to detect the physi-
cal binding of TSC-22 to Ras, Raf or ERK in our co-immuno-
precipitation experiments (Fig. S7 and data not shown). The
binding of GILZ to Ras or Raf was reported to be responsible
for the GILZ-mediated suppression of Ras ⁄ Raf signaling, and
a TSC-box or an N-terminal region is required for the binding
of GILZ to Ras or Raf, respectively.(28,29) The differing capac-
ities to bind Ras ⁄ Raf might be explained by the structural
difference of a TSC-box or an N-terminal region between
TSC-22 and GILZ. In any case, these results suggested that
different mechanisms were involved in the negative regulation
of Ras ⁄ Raf signaling by TSC-22 or GILZ. Understanding of
the relevant mechanism in the case of TSC-22 was facilitated
by analyzing TSC-22 mutants, TSC-22-DNES and TSC-22-
Dbox. Obviously, the deletion of a TSC-box failed to induce
the suppression of Ras ⁄ Raf signaling. Thus, a TSC-box was
pivotal in this function of TSC-22. However, it seemed that
the deletion of NES led to the nuclear retention of TSC-22
and the acceleration of TSC-22-mediated suppression of Ras ⁄ -
Raf activation events. In addition, TSC-22 was localized in
the cytoplasm under steady-state conditions, whereas Ras ⁄
Raf activation robustly induced the nuclear translocation of
TSC-22. These results illustrate that nuclear localization of
TSC-22 was necessary for the efficient suppression of Ras ⁄ Raf
signaling.

Before analyzing TSC22D1-deficient mice, in which expres-
sion of both TSC-22 and TSC22D1-1 was lost, we carefully
examined the in vitro function of TSC22D1-1 in comparison to
TSC-22. The differences between TSC22D1-1 and TSC-22 in
our experimental results provided evidence that TSC22D1-1
was not involved in the negative-feedback regulation of Ras ⁄ Raf
signaling. Based on this notion, we analyzed TSC22D1-deficient
mice of apparently normal growth and development, including
the susceptibility to spontaneous cancer. These observations
agreed with the phenotypes of TSC-22-deficient mice recently
generated by Yu et al.,(14) except for a subtle weight loss of kid-
ney and heart found in TSC-22-deficient mice. It should be
noted that TSC22D1-1 expression was not mentioned in TSC-
22-deficient mice.(14) Therefore, the lack of TSC22 and ⁄ or
TSC22D1-1 did not promote the spontaneous formation of can-
cer. As far as we know, models with chemically-induced tumors
have so far not been used with TSC22D1-deficient mice. Accu-
mulated studies have shown that in most cases, DEN-induced
hepatocarcinoma harbored oncogenic Ras ⁄ Raf mutations; B-Raf
mutations were observed in approximately 96% of the C57BL ⁄ 6
mice treated with DEN.(35,37,41) Therefore, we examined the
DEN-induced hepatocarcinogenesis of WT and TSC22D1-defi-
cient mice. Importantly, it was clear that TSC22D1-deficient
mice were susceptible to Ras ⁄ Raf activation-mediated tumori-
genesis. Taking into consideration all the results described
above, we find TSC-22 to be a negative regulator of Ras ⁄ Raf
signaling in vitro and in vivo. During our research, Hömig-
Hölzel et al.(42) reported that TSC-22 and TSC22D1-1 control
B-Raf-induced senescence. Their results support our conclusion
that TSC-22 is a negative regulator of Ras ⁄ Raf signaling,
although different functions of TSC22D1-1 are shown by us and
Hömig-Hölzel et al. Whereas they mainly focus on cell senes-
cence in in vitro experiments, we investigate cellular transfor-
mation using both in vitro and in vivo experiments.

In conclusion, Ras ⁄ Raf activation induced upregulation and
nuclear translocation of TSC-22, resulting in the feedback
downregulation of the Ras ⁄ Raf signaling. Identification of
TSC-22 as a suppressor of tumors caused by Ras ⁄ Raf activation
will lead to the development of a molecularly targeted therapy
against cancer involving oncogenic Ras ⁄ Raf mutations.
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Additional Supporting Information may be found in the online version of this article:

Fig. S1. Ras ⁄ Raf activation upregulated TSC-22 at both transcript and protein levels.

Fig. S2. Relative expression levels of GILZ of Ba ⁄ F3 cells (A) or NIH3T3 cells (B) transduced with H-Ras-G12V or mock were estimated by
RT-PCR.

Fig. S3. Transduction with TSC-22, but not TSC22D1-1, inhibited the cell growth in NIH3T3 cells.

Fig. S4. Protein expression of TSC-22 in NIH3T3 cells transfected with small interference RNA (siRNA) for TSC-22.

Fig. S5. Effect of siRNA treatment with TSC-22 oligonucleotides on the growth and anchorage-independent colony formation of H-Ras-G12V-
transduced NIH3T3 cells.

Fig. S6. Activation of Raf-1, but not STAT5, induced the nuclear translocation of TSC-22 in 293T cells.

Fig. S7. TSC-22 failed to interact physically with oncogenic H-Ras.

Fig. S8. Genotyping of WT and TSC22D1-deficient mice.

Data S1. Material and methods.
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