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Background: RhoH is required for T cell development and non-coding RhoH mutations are found in B-cell lymphoma.
Results: The C-terminal insert domain regulates RhoH protein stability via chaperone-mediated autophagy.
Conclusion: Although the insert domain is required for lysosomal uptake, it is dispensable for T cell development.
Significance:Targeting the insert domainmay permit alteration of RhoH protein levels without impairing vital protein functions.

RhoH is a hematopoietic-specific, GTPase-deficient member
of theRhoGTPase family thatwas first identified as a hypermut-
able gene in human B lineage lymphomas. RhoH remains in a
constitutively active state and thus its effects are regulated by
expression levels or post-translational modifications. Similar to
other small GTPases, intracellular localization of RhoH is
dependent upon the conserved “CAAX” box and surrounding
sequences within the carboxyl (C) terminus. However, RhoH
also contains a unique C-terminal “insert” domain of yet unde-
termined function. RhoH serves as adaptor molecule in T cell
receptor signaling and RhoH expression correlates with the
unfavorable prognostic marker ZAP70 in human chronic lym-
phocytic leukemia. Disease progression is attenuated in a
Rhoh�/� mouse model of chronic lymphocytic leukemia and
treatment of primary human chronic lymphocytic leukemia
cells with Lenalidomide results in reduced RhoH protein levels.
Thus, RhoH is a potential therapeutic target in B cell malignan-
cies. In the current studies, we demonstrate that deletion of the
insert domain (LFSINE) results in significant cytoplasmic pro-
tein accumulation. Using inhibitors of degradation pathways,
we show thatLFSINEregulates lysosomalRhoHuptake anddeg-
radation via chaperone-mediated autophagy. Whereas the
C-terminal prenylation site is critical for ZAP70 interaction,
subcellular localization and rescue of the Rhoh�/� T cell defect
in vivo, the insert domain appears dispensable for these func-
tions. Taken together, our findings suggest that the insert
domain regulates protein stability and activity without other-
wise affecting RhoH function.

Rho GTPases are molecular switches linking environmental
signals to cell survival, cell cycle regulation, gene expression,

and cytoskeleton reorganization (1–3). RhoH is a hematopoi-
etic-specific Rho GTPase that was initially identified as an
oncogene fusion partner and target for somatic hypermutation
in various B cell malignancies (4–7). We and others have dem-
onstrated that RhoH is critical for T cell function through reg-
ulating T cell receptor (TCR)2 complex formation at the
immune synapse (8–11).Whereas loss of Rhoh results in a pro-
foundTcell deficiency in a genetic knock-outmousemodel, the
effect of Rhoh knock-out on B cell development in thesemice is
modest (12). However, genetic deletion of Rhoh in a murine
model of B cell chronic lymphocytic leukemia (CLL) results in
significantly delayed disease progression despite T cell immu-
nodeficiency (12, 13). The RhoH expression level is also corre-
lated with the poor prognostic marker of aberrant ZAP70
expression in human CLL cells (12). This is of particular inter-
est as RhoH mutations found in B cell lymphoma affect non-
coding, presumably regulatory regions suggesting that RhoH
protein levels may be critical for the survival of malignant B
cells (7, 14, 15). We previously demonstrated that RhoH is
involved in spatiotemporal regulation and activation of Rac and
RhoA GTPases in CLL cells (13). Thus, lack of RhoH blocks
migration and access of CLL cells to supportive cells of the
microenvironment that appear important for survival of these
cells (13). We have also demonstrated that ex vivo and in vivo
Lenalidomide treatment is associated with decreased RhoH
protein levels in humanCLL cells (13). These observations sug-
gest a potential therapeutic benefit of targeting RhoH expres-
sion in B cell malignancies. However, given the requirement of
RhoH in TCR signaling, a major aim will be to retain T cell
function at the same time. Therefore a better understanding of
the functional RhoH protein domains appears mandatory.
RhoH is a constitutive active, GTP-bound member of the

family of atypical Rho GTPases of the Rnd3 family (4, 16–18).
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Unlike in oncogenic Ras, mutations of coding sequences of Rho
GTPases have infrequently been reported in human cancers,
whereas alterations in protein levels have been demonstrated
for several Rho GTPases in solid tumors (19–21) and leukemic
cells (22, 23). Due to its constitutively active state, RhoHactivity
appears to be mainly determined by the protein level and post-
translational modifications (4, 7, 17, 24). In this regard, we have
previously demonstrated the functional importance of phos-
phorylation of an immunoreceptor tyrosine-based activation
motif-like sequence, unique in RhoH among all Rho GTPases,
as one mechanism of regulation (8).
Cellular protein levels can be modulated by altering protein

stability. It has been recently demonstrated that binding of tha-
lidomide to cereblon (CRBN) inhibits the E3 ubiquitin ligase
complex involved in proteosome-dependent protein degrada-
tion (25), suggesting that ubiquitination may be an important
target of some immunomodulatory drugs. Interestingly, RhoH
contains a unique insert domain (LFSINE) in its C-terminal
region between the polybasic domain and prenylation site, the
function of which is still largely unknown. Here we investigated
themechanism of RhoH protein stability.We demonstrate that
RhoH can be degraded via the LFSINE domain by chaperone-
mediated autophagy (CMA) in lymphoid cell lines. However,
the LFSINE domain does not affect RhoH function in normal T
and B cell development. This suggests a potential drug target
for modulation of RhoH protein levels in malignant cells.

EXPERIMENTAL PROCEDURES

Rhoh�/� Mice—The generation and characterization of the
T cell and B cell phenotype of the Rhoh�/� mouse model has
been described previously (8, 12, 26). After generation, 129Sv
mice have in addition been backcrossed to a C57BL/6J back-
ground. All animal procedures and experiments were approved
by the Institutional Animal Care and Use Committee of Chil-
dren’s Hospital Boston (Boston, MA).
Antibodies and Reagents—The following fluorescence labeled

antibodies were used for flow cytometry analysis: B220-allophy-
cocyanin (APC)(RA3–6B2), CD3�-PE (145–2C11), CD4-PE-
Cy7 (RM4–5), CD8a-APC(53–6.7), CD45.2-APC-Cy7 (104)
(all from BD Biosciences), and 4�,6-diamidino-2-phenylindole
(DAPI) (Sigma). For immunoblotting and immunoprecipita-
tion experiments the following antibodies were used: anti-HA
antibody (6E2) (Cell SignalingTechnology), anti-HAhigh affin-
ity (3F10) (Roche Applied Science), anti-ZAP70 (99F2) (Cell
Signaling Technology), anti-ZAP70 (1E7.2) (Upstate), anti-
RACK1 antibody (D59D5) (Cell Signaling Technology), anti-
Flotillin-2 antibody (C42A3) (Cell Signaling Technology), and
anti-�-actin (AC-15) (Sigma) as well as protein A/G plus-aga-
rose immunoprecipitation agent (sc-2003, Santa Cruz Biotech-
nology Inc., Santa Cruz, CA). The RhoH antibody has previ-
ously been described (27). Horseradish peroxidase-conjugated
goat anti-mouse or goat anti-rabbit antibodies (Cell Signaling
Technology) were used as secondary antibodies for detection.
To assess protein stability cycloheximide (Sigma), AICAR
(Sigma), MG132 (Sigma), geldanamycin (AG Scientific Inc.,
San Diego, CA) (28–30), ammonium chloride (Sigma), chloro-
quine (Sigma) (31, 32), and FTI-277 (Sigma) were used.

The following antibodies and reagents were used for
Lin�Sca1�ckit� (LSK) cell labeling and sorting. Dynabeads�
Biotin Binder (Invitrogen), 7-aminoactinomycin D (Invitro-
gen), CD16/CD32 (Fc� III/II Receptor) clone 2.4G2 (BD
PharmingenTM), phycoerythrin (PE)-streptavidin (eBioscience,
San Diego, CA), (APC) anti-mouse CD117 (c-Kit) (eBiosci-
ence), (FITC) anti-mouse Sca-1 (eBioscience, San Diego, CA),
and the biotinylated antibodies: CD5 (Ly-1, 53–7.3) biotin (BD
PharmingenTM, San Jose, CA), CD8a (Ly-2, 53–6.7) biotin (BD
Pharmingen), CD45R/B220 (RA3–6B2) biotin (BD Pharmin-
gen), CD11b (M1/70) biotin (BD Pharmingen), TER-119/
erythroid cell (Ly-76, TER-119) biotin (BD Pharmingen), and
Ly-6G and Ly-6C (RB6–8C5) biotin (BD Pharmingen).
Transduction of Cell Lines—HA-tagged C-terminal deleted

or mutant versions of RHOH were generated (Fig. 1, A and B)
and cloned into a murine stem cell virus-based retroviral vector
coexpressing yellow fluorescent protein (YFP) or as enhanced
green fluorescent fusion protein (EGFP), as previously described
(8, 10, 33). Recombinant retroviruses were generated using Phoe-
nix-gp cells (34). Briefly, 8 �g of retroviral vector plasmid DNA,
10 �g of Moloney leukemia virus gag-pol plasmid, and 3 �g of
galv or RD114 envelope plasmid were cotransfected into Phoe-
nix cells using the CaPO4 coprecipitation method (Invitrogen).
Retroviral supernatants were collected every 12 hour (h). Titer
of recombinant retrovirus was determined by infecting HT1080
cells using serial dilution (35). The human cell line Jurkat was
infected with a multiplicity of infection of 5 on fibronectin-
coated plates (CH-296, Takara-Bio,Otsu, Japan), with the high-
titer retrovirus supernatant. Subsequently YFP� cells were
sorted and used for biochemical analysis.
Tissue Culture—To assess protein stability and protein deg-

radation, Jurkat T cells were transduced with high titer retrovi-
ral supernatant of wtRhoH ormutant RhoH�CT, RhoH�PR, and
RhoH�LFSINE expressing constructs (Fig. 1B). Thereafter YFP�-
transduced cells were sorted and cultured in RPMI1640
medium supplemented with 10% fetal calf serum, 2 mM L-glu-
tamine, and penicillin/streptomycin (100 IE/ml). To assess pro-
tein stability cells were incubated for a time course of 0, 1, 3, and
6 hour (h) with the protein synthesis inhibitor cycloheximide
(50 �M CHX). Subsequently RhoH protein degradation was
assessed over time by immunoblot analysis using anti-HA anti-
body. �-Actin was included as loading control and reference.
To further investigate pathways involved in RhoH protein deg-
radation, cells were next treated for 6 h with a variety of pro-
teosomal inhibitors (30 �M MG132, 30 �M MG115, 50 �M

ALLN), a caspase inhibitor (30 �M), and AICAR (1 mM), which
is known to inhibit AMP-activated protein kinase as well as
nonspecificmacromolecule degradation via autophagy (36, 37).
Thereafter inhibition of RhoH protein degradation was deter-
mined by immunoblot in comparison to vehicle-treated control
samples. Most short-lived proteins are degraded via a proteo-
somal pathway following ubiquitination (38). However, ubiq-
uitination also targets proteins to endocytic compartments and
degradation in the lysosomes (39, 40). Chaperone-mediated
autophagy (CMA) comprises an alternative degradation path-
way that depends on the interaction of the target protein with
chaperone molecules such as heat shock proteins (Hsp) and
subsequent targeting of the substrate proteins to the lysosomal
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membrane (41, 42). In most proteins this is mediated via a spe-
cific recognition sequence (KFERQ) in the substrate protein
(43). We next treated Jurkat cells expressing HA-tagged
wtRhoH or RhoH�LFSINE for a time course of 0, 3, and 6 h with
geldanamycin (5 �M GA), an ansamycin derivative benzoqui-
none compound that specifically inhibits the essential ATPase
activity of Hsp90 needed for its function in proper folding, sta-
bility, and function of target proteins (30). To further investi-
gate the CMA degradation pathway, cells were next treated
with the lysosomal inhibitor ammonium chloride (30 mM) or
chloroquine (10 �M), GA, or a combination of both for 6 h and
again RhoH protein levels were detected by immunoblot.
Immunoblotting—For immunoblotting and immunoprecipita-

tion assays, cells were lysed in Mg2� lysis/wash buffer (Upstate
Biotechnology) containing 8% glycerol, phosphatase inhibitors
(10 mM sodium fluoride, 1 mM sodium orthovanadate) and
complete protease inhibitor mixture (Roche Applied Science)
on ice. HA-tagged RhoH protein was assessed after separation
on 12% SDS-polyacrylamide gels and transfer to polyvinylidene
difluoride (PVDF) membrane (Bio-Rad) using anti-HA anti-
body in a 1:1,000 dilution. �-Actin was determined as a loading
control for total protein levels using anti-�-actin antibody in a
1:10,000 dilution. HRP-coupled anti-mouse or anti-rabbit anti-
bodies at a dilution of 1:2000 and LumiGlo chemiluminescent
substrate (Cell Signaling Technology) were used for detection.
To determine intracellular protein localization, sorted YFP-
positive cells were fractionated into the cytosolic fraction,
detergent-soluble membrane fraction, and detergent-insoluble
membrane fraction as described previously (10). Briefly, YFP�

cells were lysed by sonication in ice-cold buffer A (250 mM

sucrose, 20 mM Tris, pH 7.8, 10 mM MgCl2, 1 mM EDTA, 1 mM

Na3VO4, 10 mM NaF, and complete protease inhibitor mixture
(Roche)). Particulate membrane-containing (P100) and cyto-
plasm-containing (S100) fractions were separated by centrifu-
gation at 100,000 � g for 30 min. Membrane fractions were
solubilized with Mg2� lysis/wash buffer (Upstate Biotechnol-
ogy) and separated by additional centrifugation for 30 min at
100,000 � g. 0.5% SDS was used to extract the detergent-insol-
uble cytoskeleton-containing fraction. Equal volumes of each
fraction were resolved on a SDS-polyacrylamide gel and immu-
noblotted with anti-HA antibody to assess the RhoH protein.
Thus, identical equivalents of each fraction were used to com-
pare subcellular localization of RhoHmutants. In addition anti-
RACK1 and anti-Flotillin-2 staining were utilized to confirm
the purity of each cellular fraction.
Immunoprecipitation—Cellular lysates (1 � 10 e6 cells/100

�l) were immunoprecipitated, using anti-HA (3F10, 100 ng,
Roche) or anti-ZAP70 (1E7.2, 1 �g, Upstate Biotechnology)
antibodies and protein A/G-agarose immunoprecipitation
reagents (Santa Cruz Biotechnology Inc.). The immunoprecipi-
tated mixture or 10 �l of total protein was separated on a 12%
SDS-polyacrylamide gel, and transferred to a polyvinylidene
difluoride membrane (Bio-Rad). The membranes were probed
with anti-HA or anti-ZAP70 antibodies as indicated in each
experiment.
Immunofluorescence Staining—For immunofluorescence stain-

ing JurkatTcells were transducedwith retroviral supernatant of
EGFP-fused versions of wtRhoH or mutant RhoH. Cells were

then layered onto poly-L-lysine coverslides and fixed using BD
Cytofix/Cytoperm (BD Biosciences) solution. Thereafter cells
were stained with rhodamine (TRITC)-labeled phalloidin
(Invitrogen) and finally sealed with DAPI containing mounting
medium. XYZ series fluorescence images were captured with a
PerkinElmer UltraView Vox Spinning Disc confocal micro-
scope (Nikon Inc., Melville, NY) equipped with a�60 objective
lens and ultraview molecular laser, connected to a Hamamatsu
C9100-50 camera. Images were analyzed for intracellular local-
ization of RhoH protein using Volocity software (PerkinElmer
Life Sciences).
Mouse BoneMarrowCell Transduction andTransplantation—

Mouse bone marrow cells were transduced with retroviral
supernatant, as described previously (44, 45). To this end
EGFP-fused wtRhoH or C-terminal-deleted mutants of RhoH
subcloned into a murine stem cell virus-based retroviral vector
were used (8). In brief, Lin�Sca1�ckit� bone marrow (LSK)
cells fromC57BL/6WT orC57BL/6Rhoh�/�micewere sorted,
stimulated, and infected on fibronectin-coated plates (CH-296,
Takara-Bio, Otsu, Japan), with the high-titer retrovirus super-
natant generated in Phoenix-gp cells. Two days after transduc-
tion, the percentage of EGFP� cells was determined by flow
cytometry and equal numbers of transduced cells were trans-
planted by intravenous injection into lethally irradiated (11.5 gray
with a 137Cs irradiator) B6.SJL-Ptprca Pep3b/BoyJ recipientmice.
Two and three months after transplantation, white blood cell
counts were obtained and the percentage of CD45.2�/EGFP� T
and B cells in the peripheral blood of the animals was determined
by flow cytometry.
Flow Cytometric Analysis—Blood samples were obtained by

retroorbital puncture at 2 and 3 months after transplantation.
Before flow staining, red blood cells were lysed for 10 min at
room temperature by incubation in BD PharmLyse (BD Biosci-
ences). Cell suspensions were then incubated for 30 minutes
(min) in the dark with a 1:100 dilution of the appropriate anti-
bodies at 4 °C. DAPI stainingwas used for exclusion of dead cells.
Subsequently, cells were washed to remove excessive unbound
antibody, resuspended inphosphate-bufferedsaline (PBS)with2%
FCS, and finally analyzed with an LSRII cytometer using the
FACSDiva software program (BD Bioscience). CD45.2�, EGFP�

T cell subsets were identified by CD3, CD4, and CD8 staining; B
cells were defined by B220 staining.
Statistical Analysis—Statistical differences were determined

by Student’s t test orMannWhitney U test using the IBM SPSS
Statistics 21 program.A p value of less than 0.05was considered
statistically significant.

RESULTS

Deletion of the Insert Domain Significantly Increases RhoH
Protein Stability Contributing to Its Cytoplasmic Accumulation—
Previous data has suggested that post-translational regulation
of RhoH determines its protein level and cellular function(s) (8,
10). Other members of the atypical Rho GTPases of the Rnd3
family are resistant to guanosine nucleotide dissociation inhib-
itor (GDI)-mediated sequestration in the cytoplasm and mem-
brane localization appears to be constitutive in nature (3, 7, 17).
The polybasic domain and prenylation site at the C terminus of
RhoH have been shown to regulate membrane localization and
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protein function in TCR signaling (8, 10, 33). RhoH possesses
an additional, unique insert sequence (LFSINE) between these
domains, the function of which has thus far not been character-
ized. To assess the functional role of these domains on protein
stability and localization in more detail, C-terminal deleted
RhoHmutantswere designed and cloned into retroviral vectors
(Fig. 1, A and B). Given the well documented, vital function of
RhoH in TCR signaling and T cell development we first studied
the role of the C-terminal RhoH sequences in Jurkat T cells. To
this end, Jurkat cells were transduced with these HA-tagged wt
or C-terminal-deleted RhoH mutants. To analyze the effect of
the mutated domains on protein stability, the transduced cells
were then treated with CHX and RhoH levels were determined
over time by immunoblot. wtRhoHwas characterized by a pro-
tein half-life of less than 3 h (Fig. 1,C andD), which is similar to
published data on the half-lives of other atypical Rho GTPases
such as RhoB (32). Loss of either the prenylation site or polyba-

sic domain (RhoH�CT and RhoH�PR) reduced RhoH protein
half-life by �50%. Interestingly, concomitant treatment of
wtRhoH transduced Jurkat cells with CHX and a farnesyltrans-
ferase inhibitor (20 �M, FTI-277), which inhibits the lipidmod-
ification required for membrane localization of the cognate
protein, had a similar effect and reduced RhoH protein stability
(data not shown). However, deletion of the insert domain
(RhoH�LFSINE) substantially enhanced protein stability com-
pared with wtRhoH (Fig. 1, C and D). Protein levels of the
RhoH�LFSINE mutant were not affected by CHX treatment for
up to 6 h, suggesting that LFSINE has a negative regulatory role
in RhoH protein degradation.
Proteosomal Pathways Regulate Degradation of C-terminal

Deleted Mutants but Do Not Affect wtRhoH and RhoH�LFSINE

Protein Degradation—Many short lived cytoplasmic proteins
become taggedwith ubiquitin and then degraded by proteosomes
(46, 47).Moreover, it has beendemonstrated thatmonoubiquiti-

FIGURE 1. Insert domain mutation of RhoH results in significantly increased protein stability. A, schematic diagram of the C terminus of RhoH showing
three mutants used in analysis compared with the wt sequence. The numbers denote amino acid positions within the RhoH protein sequence marked by
asterisks (*). B, design of retrovirus vectors coexpressing HA-tagged versions of RhoH mutants and YFP utilized for in vitro studies. The positions of the RhoH
cDNA and mutants is shown. LTR, long terminal repeats; SD, splice donor; SA, splice acceptor; �, packaging sequence. C, HA-tagged wtRhoH, RhoH�CT, RhoH�PR,
or RhoH�LFSINE mutant-expressing Jurkat T cells were treated with CHX for the indicated time points and HA-tagged RhoH protein levels analyzed following
immunoblotting with anti-HA antibody. �-Actin was used as a loading control. Shown is a representative immunoblot. D, quantification of HA-RhoH in
relationship to �-actin over time. �, �-actin; �, wtRhoH; �, RhoH�CT; �, RhoH�PR; �, RhoH�LFSINE. Shown is the densitometric quantification (mean � S.E.) of
repeat experiments performed three times; *, p � 0.05; Student’s t test.
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nation of membrane proteins regulate not only their stability,
but also influences protein-protein interactions, protein activ-
ity, and subcellular localization (41). Ubiquitination targets
these proteins to endocytic compartments and subsequent deg-
radation in lysosomes (40). As prenylation site or polybasic
domain-deleted RhoH mutants demonstrated significantly
shortened protein half-lives, we next investigated themolecular
mechanism by which RhoH�PR and RhoH�CT mutants were
degraded so quickly.MG132 treatment enhanced protein levels
of C terminus-deleted RhoH mutants in Jurkat T cells at 6 h
(Fig. 2, A, lane 5, and B), whereas this treatment had little or
modest effects on prenylation site-deleted RhoH�PR (Fig. 2A,
lane 8, and B) and no effect on RhoH�LFSINE protein levels (Fig.
2, A, lane 11, and B). Surprisingly, MG132 treatment was asso-
ciated with a significant decrease in wtRhoH protein (Fig. 2, A,
lane 2, and B) suggesting involvement and activation of alter-
nate protein degradation pathways after drug treatment. The
effects of other proteosome inhibitors such as ALLN and
MG115 were similar, increasing the protein levels of the C-ter-
minal-deleted RhoH�CT mutant but more clearly increasing
the levels of the RhoH�PR mutant (Fig. 2C, lanes 2–4). Caspase
inhibitors did not protect RhoH proteins from degradation
(Fig. 2C, lane 5). None of these proteasomal inhibitors
increased wtRhoH levels. These findings suggest that improper
localization and protein folding in prenylation site-modified
and C-terminal-deleted RhoH mutants activate proteasome-
dependent protein degradation.
It has been demonstrated that after T cell receptor activation

RhoH becomes degraded within a protein complex via mac-
roautophagy involving a lysosomal pathway in T cells but not in

activated B cells (48). To test if this degradation pathway is
involved in non-TCR activated cells, we also treated transduced
Jurkat cells with AICAR, an inhibitor of AMP-activated protein
kinase and nonspecific macromolecule degradation autophagy
(36). AICAR had no protective effect on wtRhoH or C-terminal
deleted RhoH proteins in non-activated Jurkat T cells (Fig. 2,A,
lane 3, 6, 9 and 12, andB), suggesting that these proteins are not
degraded within a protein complex in non-TCR-activated lym-
phocytes. In summary, these data indicate that prenylation site
and C-terminal-deleted RhoH mutants become degraded via a
proteosomal pathway, indicating that C-terminal sequences of
RhoH protein are critical for regulation of protein trafficking
and targeting to certain cellular compartments involved in pro-
tein degradation.
Inhibition of the Chaperone-mediated Autophagy Pathway

Prolongs Half-life of wtRhoH—To further elucidate the regula-
tion of wtRhoH protein levels and the effect of the insert
domain on protein degradation, an alternative and more selec-
tive lysosomal protein degradation pathway was investigated.
CMA depends on the interaction of the target protein with chap-
eronemolecules such as heat shock proteins (Hsp) and heat shock
cognate protein 70 (Hsc70) and subsequent targeting of the sub-
strate proteins to the lysosomal membrane regulating its uptake
via lysosome-associated membrane protein type 2A (LAMP-2A)
receptor (41–43). In most cases this is mediated via a specific
recognition sequence (KFERQ) in the substrate protein (42).
We next examined whether this autophagy pathway was
involved in the lysosomal degradation of RhoH protein. GA
specifically inhibits ATPase activity needed for normal Hsp90
function and accelerates degradation of client proteins (30).

FIGURE 2. Inhibition of the proteosome degradation pathway prolongs half-life of the carboxyl terminus and prenylation site-deleted mutants but
not wt or insert-deleted RhoH. A, HA-tagged wtRhoH, RhoH�CT, RhoH�PR, or RhoH�LFSINE-expressing Jurkat T cells were incubated with the proteosomal
inhibitor MG132 and an inhibitor of macroautophagy, AICAR, for 6 h and then levels of HA-RhoH and �-actin (loading control) were analyzed by immunoblot-
ting. RhoH was detected using anti-HA antibody. Shown is a representative experiment. B, densitometric measurement of the respective immunoblot bands
indicating the relationship of the RhoH mutant protein to �-actin loading control expressed as the percentage of untreated control. Shown is the densitometric
quantification (mean � S.E.) of three independent repeat experiments; *, p � 0.05, Student’s t test. C, transduced Jurkat T cells were incubated with additional
proteosomal inhibitors MG115, ALLN, or a caspase inhibitor besides MG132 (at the indicated concentrations) for 6 h and then levels of HA-RhoH and �-actin
(loading control) were analyzed by immunoblotting. RhoH was detected using anti-HA antibody.
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Treatment with GA significantly decreased wtRhoH protein
levels compared with untreated controls at 3 and 6 h (p 	 0.02
at 6 h) but had negligible effect on RhoH�LFSINE protein levels
(Fig. 3, A–C). This suggests that wtRhoH interacts with chap-
eronemolecules such asHsp90 that protect it fromdegradation
via the CMA pathway and that reduced RhoH protein levels
demonstrated after treatment with GA result from lack of pro-
tection from degradation due to disruption of chaperone com-
plexes and activation of CMA. Of note, in in vivo biotinylation
experiments we have identifiedmembers of the heat shock pro-
tein family including Hsp90 and Hsp70 as novel interaction
partners of RhoH,3 which is in keeping with our current find-
ings and previous reports (49). The absence of the insert
sequence LFSINE appears to retard RhoH degradation via
CMA, suggesting that LFSINE may be needed as a recognition
signal for lysosomal uptake and degradation.

During CMA, unfolded proteins are recognized by the
LAMP-2A receptor on the lysosomalmembrane and translocated
across the lysosomalmembrane fordegradation (41–43).Wenext
examined whether wtRhoH degradation was dependent on lyso-
somal activity. Lysosomal inhibitionwith chloroquine resulted in
a 1.4-fold increase of wtRhoH protein levels in Jurkat T cells
(p	 0.044), whereas RhoH�LFSINE protein levels were again not
affected by chloroquine (Fig. 3, C–E). However, GA-mediated
wtRhoH degradation was not completely inhibited by co-treat-
ment with chloroquine (Fig. 3,C, lane 4, andD), suggesting that
unprotected wtRhoH may also become degraded by protea-
somes. As this effect did not occur in RhoH�LFSINE (Fig. 3, C,
lane 8, and E), the insert domainmay also contain an additional
ubiquitination site inducing proteosomal degradation when
mislocalized or misfolded (41). To further confirm these find-
ings, HA-wtRhoH-expressing Jurkat cells were next treated
with ammonium chloride and leupeptin, which are additional
inhibitors of lysosomal degradation or the respective vehicle3 A. Mino and D. A. Williams, manuscript in preparation.

FIGURE 3. Inhibition of the chaperone-mediated autophagy pathway prolongs the half-life of wtRhoH. A, HA-tagged wtRhoH and RhoH�LFSINE-express-
ing Jurkat T cells were incubated with the Hsp90 inhibitor GA or left untreated for the indicated time points and levels of HA-RhoH and �-actin (internal control)
were analyzed by immunoblotting. RhoH was detected using anti-HA antibody. Respective lanes were all run on the same blots. B, quantification of HA-RhoH
in relationship to �-actin over time relative to untreated control is shown as mean � S.E. of three experiments; *, p � 0.05; Student’s t test. �, �-actin; �,
wtRhoH; ‚, RhoH�LFSINE. C, HA-tagged wtRhoH and RhoH�LFSINE-expressing Jurkat T cells were incubated with geldanamycin and/or chloroquine for 6 h and
levels of HA-RhoH (anti-HA antibody) and �-actin (loading control) were analyzed by immunoblotting. Respective lanes were all run on the same blots. D,
densitometric measurements of immunoblot bands indicating the ratio of the wtRhoH protein to �-actin loading control in relationship to the untreated
control sample. Bar graphs indicate mean � S.E. of three independent repeat experiments; *, p � 0.05, Student’s t test one sided. E, densitometric measure-
ments indicating the ratio of the RhoH�LFSINE protein to �-actin loading control in relationship to the untreated control sample. Bar graphs indicate mean � S.E.
of three independent repeat experiments.
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control. wtRhoH protein levels again increased 1.4-fold (p 	
0.012) and 1.12-fold (p	 0.032) (Fig. 4), further suggesting that
wtRhoH is degraded via a lysosomal pathway in T cells. In con-
trast, disruption of late endosome lipid dynamics using 10 �M

U18666A did not alter RhoH protein levels (p 	 0.132) (Fig. 4).
These data imply that post-translational degradation of
wtRhoH is mainly regulated via CMA. As LAMP-2A receptor-
mediated lysosomal protein uptake requires a specific recogni-
tion sequence and substrate translocation occurs in a stoichio-
metric fashion in CMA, the enhanced protein stability of
RhoH�LFSINE that is not altered after lysosomal inhibition sug-
gests that LFSINE may contain such an alternative lysosomal
recognition sequence. Taken together, these data indicate that
wtRhoH becomes degraded mainly via a chaperone-mediated
lysosomal pathway in non-activated T lymphocytes.
The Insert Domain Is Dispensable for TCR Signaling and

ZAP70 Interaction—RhoH is required for proper localization
and activation of ZAP70 and LCK in TCR signaling (8–11).
Lack of RhoH results in severe T cell deficiency in mice and is
associated with milder T cell defects and persistent EV-HPV
infections in humans (45). To further examine the role of the
C-terminal domains of RhoH in TCR signaling, we next inves-
tigated the interaction ofmutant RhoH proteins with ZAP70 as

well as the intracellular localization of the mutant proteins in
Jurkat cells. To this end, HA-tagged wt and C-terminal-deleted
RhoH mutants (as shown in Fig. 1, A and B) were expressed in
Jurkat T cells. wtRhoH and RhoH�LFSINE co-immunoprecipi-
tated with ZAP70 using anti-ZAP70 antibody as demonstrated
by subsequent immunoblotting with anti-HA antibody for
RhoH (Fig. 5A, upper panels). There appeared to be a modest,
but reproducible increase in RhoH�LFSINE protein immunopre-
cipitated compared with wtRhoH protein (Fig. 5A, lanes 1, 2
and 7, 8; and data not shown), which may also partially reflect
the larger RhoH�LFSINE protein amount present in transduced
cells. However, deletion of the carboxyl terminus and prenyla-
tion sequence (RhoH�CT and RhoH�PR) was associated with
complete loss of ZAP70 binding (Fig. 5A, lanes 3, 4 and 5, 6). As
interaction of RhoH with ZAP70 and TCR signaling requires the
localization of RhoH to the membrane (10), we next performed
fractionation of cell lysates obtained from Jurkat cells into cytoso-
lic, detergent-soluble, and detergent-insoluble membrane frac-
tions to determine RhoH protein localization. Initial experi-
ments demonstrated that both HA-tagged wtRhoH and ZAP70
were localized in the cytosolic but also membrane fractions
(Fig. 5B). Proper fractionation was further assessed by RACK1
and Flotillin-2 staining (Fig. 5B). However, prenylation site-
deleted RhoH�CT and RhoH�PR protein was associated with
significant reduction in membrane localization as determined
by immunoblot analysis (Fig. 5C, lanes 5, 6 and 8, 9). Thus, both
lack of proper localization and disrupted ZAP70 interaction
render these mutants likely non-functional. In contrast, both
wtRhoH and RhoH�LFSINE proteins still localized to the mem-
brane fraction (Fig. 5, C, lanes 2, 3 and lanes 11, 12). Moreover,
RhoH�LFSINE accumulated significantly more than wt protein
in the cytosolic fraction (Fig. 5C, lanes 1 and 10). These findings
were also confirmed by immunofluorescence experiments in
Jurkat cells transduced with EGFP-fused RhoH mutant pro-
teins. As shown in Fig. 5D, the prenylation site and C-terminal-
deleted mutant proteins were expressed in the nucleus and
cytoplasm but did not localize to the membrane. In contrast,
wtRhoH and RhoH�LFSINE proteins co-localized with F-actin
and appeared to be located in the cell perimeter consistent with
membrane localization. Again, the insert-deletedRhoHmutant
demonstrated increased accumulation in the cytoplasm, which
was not co-localized with F-actin (Fig. 5D). These data suggest
that the insert domain critically regulates protein stability, but
is not required for membrane localization and moreover is dis-
pensable for ZAP70 interaction and TCR function.
The Carboxyl-terminal Insert Domain Is Dispensable for

RhoH Function in T Cell Reconstitution—To confirm the func-
tional implications of the C-terminal sequences of RhoH on
normal T and B cell development, we performed in vivo rescue
experiments usingRhoh�/� bonemarrow cells.We transduced
sortedWT and Rhoh�/� Lin�Sca1�c-kit� (LSK) cells with ret-
roviral vectors expressing EGFP-fused C-terminal-deleted
mutants of RhoH, wtRhoH or empty vector (Figs. 1A and 6A)
and injected the transduced cells into the tail vein of lethally
irradiated B6.SJL-PtprcaPep3b/BoyJ recipient mice (Fig. 6A).
Equivalent transduction efficiency was determined by flow
cytometry and qualitative protein expression in transduced
LSK cells at the time of transplantation was confirmed by

FIGURE 4. In Jurkat T cells wtRhoH is mainly degraded in lysosomes. A,
HA-tagged wtRhoH-expressing Jurkat T cells were incubated for 6 h with
vehicle control, lysosomal inhibitors (10 �M chloroquine, 30 mM ammonium
chloride, 50 �g/ml leupeptin), and/or GA as well as U18666A (10 �M) to dis-
rupt late endosome lipid dynamics, then cells were lysed and immuno-
blotted. HA-tagged RhoH was detected by anti-HA-antibody, �-actin was
used as loading control. B, bar graphs indicate mean � S.E. of HA-RhoH pro-
tein levels in relationship to vehicle control as assessed after densitometric
measurement of the respective bands in at least three independent repeat
experiments. *, p � 0.05, one sided Student’s t test.
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immunoblot (data not shown). Two and three months after
engraftment, mice that received Rhoh�/� LSK cells transduced
with empty vector or the C-terminal-deleted RhoH mutant
(RhoH�CT) remained deficient of CD3� T cells (0.1 � 0.02 and
0.1� 0.01 EGFP�T cells (K/�l), respectively; n	 4–5;mean�
S.E.) (Fig. 6B and data not shown). In contrast, re-expression of
wtRhoH in Rhoh�/� cells resulted in a significant rescue of the
T lymphopenia comparable with mice transplanted with WT
BM cells (0.6 � 0.1 versus 0.9 � 0.1 EGFP� T cells (K/�l),
respectively). Deletion of the insert domain (RhoH�LFSINE) was
associated with T cell reconstitution similar to that obtained in
LSK cells transduced with wtRhoH (0.5 � 0.1 versus 0.6 � 0.1
EGFP� T cells (K/�l), respectively) (Fig. 6B and data not
shown), indicating that the RhoH�LFSINE protein was still func-
tional in T cell development.
Reconstitution of CD4� T cells was highly dependent on

functional RhoH (Fig. 6C and data not shown), whereas re-ex-
pression of RhoH in Rhoh�/� LSK had a significant, but overall
lower effect on development of CD8� T cells (Fig. 6D and data
not shown). Both wtRhoH and RhoH�LFSINE normalized CD4�

T cell counts compared with engraftment of WT cells. In con-
trast, animals transplanted with LSK cells expressing RhoH�CT

or empty vector remained deficient in CD4� T cells (Fig. 6C).
Expression of wtRhoH or RhoH�LFSINE in Rhoh�/� LSK also
lead to significantly higher CD8� T cell numbers compared
with empty vector or RhoH�CT (Fig. 6D). Normal B cell devel-

opment was overall only mildly affected by lack of RhoH (data
not shown). These in vivo data confirm our in vitro data and
suggest that deletion of the insert domain of RhoH results in a
protein that remains functional in T cell development and thus
reconstitutes TCR signaling, whereas deletion of the C termi-
nus results in lack of RhoH function in T cells.
Overall, our findings provide novel insights in the impor-

tance of the C-terminal sequences for post-translational regu-
lation of RhoH protein levels. Given its deregulated expression
and function in lymphoid malignancies, targeting the insert
domain to modify protein stability may offer new therapeutic
approaches in those disease entities characterized by deregu-
lated RhoH expression.

DISCUSSION

RhoH, similar to other Rnd proteins and oncogenic Ras lacks
intrinsic GTPase activity and therefore remains in a constitu-
tively active, GTP-bound state (7, 16, 17, 50). Thus, RhoH-de-
pendent cellular functions appear to be regulated by intracellu-
lar protein levels (51). RhoH was initially defined as a fusion
partner and subject to somatic hypermutation in B cell lympho-
mas, although the biological relevance of RhoH mutations,
which aremainly found in non-coding regions in these diseases,
has never been defined (4–6, 14, 15, 52). Genetic studies sug-
gest that RhoH deficiency is associated with minor changes in
normal B cell development, whereas deregulated RhoH expres-

FIGURE 5. C-terminal sequence of RhoH is critical for interaction of RhoH with ZAP70 and membrane localization. A, HA-tagged wtRhoH, RhoH�CT,
RhoH�PR, or RhoH�LFSINE-expressing Jurkat T cells were treated with MG132 for 6 h, then cells were lysed and immunoprecipitation was performed using
anti-ZAP-70 antibodies. IP products were analyzed by immunoblotting and co-immunoprecipitated (IP) RhoH detected by anti-HA antibodies. The faster
moving IP bands in lanes 7 and 8 compared with wtRhoH in lanes 1 and 2 are due to deletion of the insert domain. Asterisks (*) denote IgG light chains. Respective
lanes were all run on the same blots. B, non-transduced or HA-tagged wtRhoH-expressing Jurkat T cells were fractionated into cytosolic (C), detergent-soluble
membrane (SM), and detergent-insoluble membrane (IM) fractions. Total lysates and subcellular fractionations were subjected to immunoblot analysis.
HA-RhoH was detected with �-HA antibody and ZAP70 by anti-ZAP70 antibody. Staining for the markers Flotillin-2 and RACK1 for lipid rafts and detergent-
insoluble cytoskeleton-enriched fractions, respectively, are shown. C, HA-tagged wtRhoH, RhoH�CT, RhoH�PR, or RhoH�LFSINE-expressing Jurkat T cells were
fractionated into cytosolic, detergent-soluble membrane, and detergent-insoluble membrane fractions and RhoH was detected with �-HA antibody by
immunoblotting. Equivalent amounts of each cell fraction have been used to compare subcellular localization of RhoH proteins. Respective lanes were all run
on the same blots. D, representative confocal images of EGFP-wtRhoH, EGFP-RhoH�CT, EGFP-RhoH�PR, or EGFP-RhoH�LFSINE-expressing Jurkat T cells co-stained
for F-actin and DAPI. EGFP-RhoH, green; F-actin, red; nuclei, blue; �600 magnification. Merged images and single channels are exhibited.
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sion influences lymphomagenesis and disease progression in
CLL (12). Increased RhoH expression levels have been found in
human CLL samples in association with high risk features sug-
gesting that deregulated RhoH expression may occur during
disease progression (12). We have also demonstrated that in a
murinemodel of CLL, RhoHknock-out leads to delayed disease
progression associated with reduced access of malignant cells
to protective niches, which contributes to decreased CLL cell
survival in vivo (12, 13). Furthermore, Lenalidomide, which is
effective in treatment of CLL in vivo and in vitro, results in
decreased RhoH expression levels in primary CLL cells (13).
Thus, altered expression of RhoHmay offer a novel therapeutic
approach in B cell malignancies. However, one major concern
when applying targeted treatment strategies to alter RhoH lev-
els would be its requirement for TCR function and normal T
cell development and any resulting T cell toxicity.
RhoGDIs sequester Rho GTPases such as RhoA, RhoB,

RhoC, Rac, or Cdc42 in the cytoplasm and are potential sub-
strates of ubiquitin ligases (3). RhoGDI interaction with RhoA
suppresses its activation during T cell anergy, suggesting that
ubiquitination pathways impact on Rho GTPase activity (53).
Schmidt-Mende et al. (48) reported that RhoH becomes
degradedwithin a protein complex following TCR activation in

T but not B cells. However, little is known to date about the
physiological regulation of RhoH protein turnover in unstimu-
lated lymphocytes.
We provide evidence that the wtRhoH protein is character-

ized by a half-life of less than 3 h. The C-terminal sequences of
Rho GTPases contain polybasic, isoprenylation, and palmitoy-
lation sites and respective lipid modifications regulate their
subcellular localization (7, 10, 17, 33, 50). As demonstrated in
RhoB, these lipid modifications may also be required for uptake
into multivesicular bodies and lysosomal degradation of short-
lived proteins (32). However, despite the fact that RhoH exhibited
a short proteinhalf-life, inhibitionof theproteosomal pathwayhas
no protective effect onwtRhoHprotein stability, suggesting that
the wtRhoH protein is not primarily degraded in proteosomes.
Deletion of the C-terminal sequence (RhoH�CT) or isoprenyla-
tion site (RhoH�PR), which results in mislocalized RhoH pro-
tein, is associated with rapid proteosomal degradation of the
protein. In contrast, deletion of the insert domain, LFSINE
(RhoH�LFSINE), significantly increases RhoH protein stability
and is not affected by inhibition of either proteosomal or lyso-
somal degradation (Fig. 7). Deletion of the C terminus or pre-
nylation site abolishes membrane localization and diminishes
RhoH interaction with ZAP70. In contrast, specific deletion of

FIGURE 6. C-terminal sequences of RhoH are critical for T cell reconstitution of Rhoh�/� bone marrow cells. A, experimental design of in vivo rescue
experiments and schematic of retrovirus vectors utilized in this study. LTR, long terminal repeats; SD, splice donor; SA, splice acceptor; �, packaging sequence.
Position of EGFP-fused RhoH cDNA and mutants is shown. B–D, flow cytometric analysis showing the absolute number of transduced EGFP�/CD3� T cells (B),
EGFP�/CD3�/CD4� (C), and EGFP�/CD3�/CD8� T (D) cells present in the peripheral blood of recipient mice 2 months after transplantation (mean � S.E., n 	
4 –5 recipients; *, p � 0.05, Student’s t test of not equal variance).
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the insert domain has no effect on either of these interac-
tions. Furthermore, insert-deleted RhoH functions in a fash-
ion comparable with wtRhoH in in vivo T cell rescue exper-
iments further supporting these in vitro observations. This
suggests that the insert domain may be used to target mod-
ifications of RhoH that would change protein levels without
affecting its functional role in TCR signaling (8–10).
CMA is a very specific lysosomal degradation pathwaywhere

proteins bound to Hsc70-containing chaperone and co-chap-
erone complexes are recognized by the LAMP-2A receptor via
a specific consensus sequence and subsequently degraded in
lysosomes (41–43). This degradation pathway appears critical
for regulation of wtRhoH homeostasis in non-activated T cells,
because wtRhoH accumulates in the cytoplasm after inhibition
of lysosomal degradation. Deletion of the insert domain
LFSINE inhibits both proteosomal and lysosomal RhoH degra-
dation, indicating that this unique sequence may contain an
ubiquitination site. Inhibition of co-chaperone complex forma-
tion by treatment with the Hsp90 inhibitor geldanamycin (30)
destabilizes the wtRhoH protein, whereas inhibition of the lys-
osome itself using chloroquine or ammonium chloride delays
wtRhoH degradation. However, these treatments have little
effect on RhoH�LFSINE. These observations suggest that
wtRhoH is degraded at least in part via chaperone-mediated
autophagy and that the LFSINE sequence is required for lyso-
somal uptake (Fig. 7). This is of interest, as insights into protein
stability and the functional implications of regulatory subunits
of RhoH may allow for identification of new drug targets
involved in control of protein levels.
Of note, whereas inhibition of lysosomal degradation path-

ways results in increasedwtRhoHprotein levels, treatmentwith

proteosomal inhibitors and particularly MG132 significantly
reduce the wtRhoH protein in Jurkat cells. Interestingly, inter-
action and cross-regulation between the proteosomal and lys-
osomal protein degradation pathways has been demonstrated
previously. In neuronal cells pharmacological inhibition of pro-
teosomal activity up-regulates lysosomal enzymes, whereas lys-
osomal disruptors inhibit both lysosomal and proteosomal deg-
radation. Furthermore, inhibition of lysosomal or proteosomal
pathways both lead to up-regulation of Hsc70 levels and
induced chaperone-mediated autophagy (39, 40, 54–57). Our
studies suggest that CMA is the main mechanism regulating
degradation of wtRhoH in non-TCR stimulated T cells. Thus,
the negative effect of proteosomal inhibition on wtRhoH pro-
tein levels is in keeping with the previous findings that proteo-
somal inhibition leads to up-regulation of protein degradation
via CMA. Lower RhoH protein levels observed after proteo-
somal inhibition may thus be explained by an increased degra-
dation of wtRhoH via CMA.
Taken together, our studies provide novel insights in the

functional importance of the unique C-terminal insert domain
of the RhoH protein and its requirement for regulation of pro-
tein degradation. We also demonstrate that this sequence is
dispensable for RhoHprotein interactionwith ZAP70 andTCR
signaling, as well as for membrane localization in vitro and thus
for normal T cell development in vivo. Overall, we identify a
new regulatory element within the RhoH protein that could be
utilized to modify RhoH protein levels without impairing vital
protein function. Thismay be of clinical interest in disease enti-
ties characterized by deregulated RhoH expression levels, as
previously reported in B cell malignancies.

FIGURE 7. Model of RhoH protein degradation pathways. 1, baseline wtRhoH levels are regulated by CMA. Lack of the insert domain LFSINE is associated with
cytosolic accumulation of the protein, which is partially reversible by disruption of the interaction with chaperone molecules like heat shock proteins (e.g.
Hsp90). This suggests that the LFSINE motif serves as a recognition sequence for lysosomal degradation via CMA and cytosolic accumulation occurs due to lack
of lysosomal uptake in RhoH�LFSINE. 2, TCR activation results in lysosomal degradation of RhoH within a macromolecular complex as previously shown by
Schmidt-Mende et al. 3, C-terminal-deleted RhoH mutants RhoH�CT and to a lesser extent RhoH�PR are mislocalized and become mainly degraded via a
proteosomal pathway.

Characterization of the RhoH C Terminus and Insert Domain

36460 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 51 • DECEMBER 20, 2013



Acknowledgments—We acknowledge the technical advice, helpful
discussions, and comments from Dr. Abel Sanchez-Aguilera, Dr.
Michael Milsom and other members of the Williams laboratory and
are grateful for expert animal husbandry and support fromMeaghan
McGuinness, Chad Harris, and Megan Bariteau. We also thank the
Imaging Core Facility from the Boston Children’s Hospital for their
technical support.

REFERENCES
1. Bishop, A. L., andHall, A. (2000) RhoGTPases and their effector proteins.

Biochem. J. 348, 241–255
2. Etienne-Manneville, S., and Hall, A. (2002) Rho GTPases in cell biology.

Nature 420, 629–635
3. Boulter, E., Garcia-Mata, R., Guilluy, C., Dubash, A., Rossi, G., Brennwald,

P. J., and Burridge, K. (2010) Regulation of Rho GTPase crosstalk, degra-
dation and activity by RhoGDI1. Nat. Cell Biol. 12, 477–483

4. Dallery-Prudhomme, E., Roumier, C., Denis, C., Preudhomme, C., Kerc-
kaert, J. P., and Galiegue-Zouitina, S. (1997) Genomic structure and as-
signment of the RhoH/TTF small GTPase gene (ARHH) to 4p13 by in situ
hybridization. Genomics 43, 89–94

5. Preudhomme, C., Roumier, C., Hildebrand, M. P., Dallery-Prudhomme,
E., Lantoine,D., Laï, J. L., Daudignon,A., Adenis, C., Bauters, F., Fenaux, P.,
Kerckaert, J. P., and Galiègue-Zouitina, S. (2000) Nonrandom 4p13 rear-
rangements of the RhoH/TTF gene, encoding a GTP-binding protein, in
non-Hodgkin’s lymphoma and multiple myeloma. Oncogene 19, 2023–
2032

6. Pasqualucci, L., Neumeister, P., Goossens, T., Nanjangud, G., Chaganti, R. S.,
Küppers, R., and Dalla-Favera, R. (2001) Hypermutation of multiple proto-
oncogenes in B-cell diffuse large-cell lymphomas.Nature 412, 341–346

7. Lahousse, S., Smorowski, A. L., Denis, C., Lantoine, D., Kerckaert, J. P., and
Galiègue-Zouitina, S. (2004) Structural features of hematopoiesis-specific
RhoH/ARHH gene. High diversity of 5�-UTR in different hematopoietic
lineages suggests a complex post-transcriptional regulation. Gene 343,
55–68

8. Gu, Y., Chae, H. D., Siefring, J. E., Jasti, A. J., Hildeman, D. A., and Wil-
liams, D. A. (2006) RhoH GTPase recruits and activates Zap70 required
for T cell receptor signaling and thymocyte development. Nat. Immunol.
7, 1182–1190

9. Dorn, T., Kuhn,U., Bungartz, G., Stiller, S., Bauer,M., Ellwart, J., Peters, T.,
Scharffetter-Kochanek, K., Semmrich, M., Laschinger, M., Holzmann, B.,
Klinkert, W. E., Straten, P. T., Køllgaard, T., Sixt, M., and Brakebusch, C.
(2007) RhoH is important for positive thymocyte selection and T-cell
receptor signaling. Blood 109, 2346–2355

10. Chae, H. D., Siefring, J. E., Hildeman, D. A., Gu, Y., and Williams, D. A.
(2010) RhoH regulates subcellular localization of ZAP-70 and Lck in T cell
receptor signaling. PloS One 5, e13970

11. Wang, H., Zeng, X., Fan, Z., and Lim, B. (2011) RhoHmodulates pre-TCR
and TCR signalling by regulating LCK. Cell. Signal. 23, 249–258

12. Sanchez-Aguilera, A., Rattmann, I., Drew, D. Z., Müller, L. U., Summey,
V., Lucas, D.M., Byrd, J. C., Croce, C.M., Gu, Y., Cancelas, J. A., Johnston,
P.,Moritz, T., andWilliams, D. A. (2010) Involvement of RhoHGTPase in
the development of B-cell chronic lymphocytic leukemia. Leukemia 24,
97–104

13. Troeger, A., Johnson, A. J., Wood, J., Blum, W. G., Andritsos, L. A., Byrd,
J. C., and Williams, D. A. (2012) RhoH is critical for cell-microenviron-
ment interactions in chronic lymphocytic leukemia in mice and humans.
Blood 119, 4708–4718

14. Gaidano, G., Pasqualucci, L., Capello, D., Berra, E., Deambrogi, C., Rossi,
D., Maria Larocca, L., Gloghini, A., Carbone, A., and Dalla-Favera, R.
(2003) Aberrant somatic hypermutation in multiple subtypes of AIDS-
associated non-Hodgkin lymphoma. Blood 102, 1833–1841

15. Montesinos-Rongen, M., Van Roost, D., Schaller, C., Wiestler, O. D., and
Deckert, M. (2004) Primary diffuse large B-cell lymphomas of the central
nervous system are targeted by aberrant somatic hypermutation. Blood
103, 1869–1875

16. Crul, M., de Klerk, G. J., Beijnen, J. H., and Schellens, J. H. (2001) Ras
biochemistry and farnesyl transferase inhibitors. A literature survey. An-
ticancer Drugs 12, 163–184

17. Li, X., Bu, X., Lu, B., Avraham, H., Flavell, R. A., and Lim, B. (2002) The
hematopoiesis-specific GTP-binding protein RhoH is GTPase deficient
and modulates activities of other Rho GTPases by an inhibitory function.
Mol. Cell. Biol. 22, 1158–1171

18. Fueller, F., and Kubatzky, K. F. (2008) The small GTPase RhoH is an
atypical regulator of haematopoietic cells. Cell Commun. Signal. 6, 6–6

19. Suwa, H., Ohshio, G., Imamura, T., Watanabe, G., Arii, S., Imamura, M.,
Narumiya, S., Hiai, H., and Fukumoto, M. (1998) Overexpression of the
rhoC gene correlates with progression of ductal adenocarcinoma of the
pancreas. Br. J. Cancer 77, 147–152

20. Adnane, J., Muro-Cacho, C., Mathews, L., Sebti, S. M., and Muñoz-An-
tonia, T. (2002) Suppression of rho B expression in invasive carcinoma
from head and neck cancer patients. Clin. Cancer Res. 8, 2225–2232

21. Kleer, C. G., van Golen, K. L., Zhang, Y., Wu, Z. F., Rubin, M. A., and
Merajver, S. D. (2002) Characterization of RhoC expression in benign and
malignant breast disease. A potential new marker for small breast carci-
nomas with metastatic ability. Am. J. Pathol. 160, 579–584

22. Galiègue-Zouitina, S., Delestré, L., Dupont, C., Troussard, X., and Shelley,
C. S. (2008) Underexpression of RhoH in hairy cell leukemia. Cancer Res.
68, 4531–4540

23. Iwasaki, T., Katsumi, A., Kiyoi, H., Tanizaki, R., Ishikawa, Y., Ozeki, K.,
Kobayashi,M., Abe, A.,Matsushita, T.,Watanabe, T., Amano,M., Kojima,
T., Kaibuchi, K., andNaoe, T. (2008) Prognostic implication and biological
roles of RhoH in acute myeloid leukaemia. Eur. J. Haematol. 81, 454–460

24. Delestré, L., Berthon, C., Quesnel, B., Figeac,M., Kerckaert, J. P., Galiègue-
Zouitina, S., and Shelley, C. S. (2011) Repression of the RHOH gene by
JunD. Biochem. J. 437, 75–88

25. Chang, X.-B., and Stewart, A. K. (2011) What is the functional role of the
thalidomide binding protein cereblon? Int. J. Biochem.Mol. Biol. 2, 287–294

26. Bichi, R., Shinton, S. A., Martin, E. S., Koval, A., Calin, G. A., Cesari, R.,
Russo, G., Hardy, R. R., and Croce, C. M. (2002) Human chronic lympho-
cytic leukemiamodeled inmouse by targetedTCL1 expression.Proc. Natl.
Acad. Sci. U.S.A. 99, 6955–6960

27. Gu, Y., Jasti, A. C., Jansen, M., and Siefring, J. E. (2005) RhoH, a hemato-
poietic-specific Rho GTPase, regulates proliferation, survival, migration,
and engraftment of hematopoietic progenitor cells.Blood 105, 1467–1475

28. Neckers, L. (2002) Hsp90 inhibitors as novel cancer chemotherapeutic
agents. Trends Mol. Med. 8, S55–S61

29. Whitesell, L., Mimnaugh, E. G., De Costa, B., Myers, C. E., and Neckers,
L. M. (1994) Inhibition of heat shock protein HSP90-pp60v-src hetero-
protein complex formation by benzoquinone ansamycins. Essential role
for stress proteins in oncogenic transformation. Proc. Natl. Acad. Sci.
U.S.A. 91, 8324–8328

30. Ochel, H. J., Eichhorn, K., and Gademann, G. (2001) Geldanamycin. The
prototype of a class of antitumor drugs targeting the heat shock protein 90
family of molecular chaperones. Cell Stress Chaperones 6, 105–112

31. Blagosklonny, M. V., An, W. G., Melillo, G., Nguyen, P., Trepel, J. B., and
Neckers, L. M. (1999) Regulation of BRCA1 by protein degradation. On-
cogene 18, 6460–6468

32. Pérez-Sala, D., Boya, P., Ramos, I., Herrera, M., and Stamatakis, K. (2009)
The C-terminal sequence of RhoB directs protein degradation through an
endo-lysosomal pathway. PloS One 4, e8117

33. Chae, H. D., Lee, K. E., Williams, D. A., and Gu, Y. (2008) Cross-talk
between RhoH and Rac1 in regulation of actin cytoskeleton and che-
motaxis of hematopoietic progenitor cells. Blood 111, 2597–2605

34. Wahlers, A., Schwieger, M., Li, Z., Meier-Tackmann, D., Lindemann, C.,
Eckert, H.G., von Laer, D., andBaum,C. (2001) Influence ofmultiplicity of
infection and protein stability on retroviral vector-mediated gene expres-
sion in hematopoietic cells. Gene Ther. 8, 477–486

35. Gallardo, H. F., Tan, C., Ory, D., and Sadelain, M. (1997) Recombinant
retroviruses pseudotyped with the vesicular stomatitis virus G glycopro-
tein mediate both stable gene transfer and pseudotransduction in human
peripheral blood lymphocytes. Blood 90, 952–957

36. Viana, R., Aguado, C., Esteban, I., Moreno, D., Viollet, B., Knecht, E., and
Sanz, P. (2008) Role of AMP-activated protein kinase in autophagy and

Characterization of the RhoH C Terminus and Insert Domain

DECEMBER 20, 2013 • VOLUME 288 • NUMBER 51 JOURNAL OF BIOLOGICAL CHEMISTRY 36461



proteasome function. Biochem. Biophys. Res. Commun. 369, 964–968
37. Zungu, M., Schisler, J. C., Essop, M. F., McCudden, C., Patterson, C., and

Willis, M. S. (2011) Regulation of AMPK by the ubiquitin proteasome
system. Am. J. Pathol. 178, 4–11

38. Jadhav, T., and Wooten, M. W. (2009) Defining an embedded code for
protein ubiquitination. J. Proteomics Bioinfor. 2, 316

39. Aguilar, R. C., and Wendland, B. (2003) Ubiquitin. Not just for protea-
somes anymore. Curr. Opin. Cell Biol. 15, 184–190

40. d’Azzo, A., Bongiovanni, A., and Nastasi, T. (2005) E3 ubiquitin ligases as
regulators of membrane protein trafficking and degradation. Traffic 6,
429–441

41. Kraft, C., Peter, M., and Hofmann, K. (2010) Selective autophagy. Ubiqui-
tin-mediated recognition and beyond. Nat. Cell Biol. 12, 836–841

42. Orenstein, S. J., and Cuervo, A. M. (2010) Chaperone-mediated au-
tophagy. Molecular mechanisms and physiological relevance. Semin. Cell
Dev. Biol. 21, 719–726

43. Li, W., Yang, Q., and Mao, Z. (2011) Chaperone-mediated autophagy.
Machinery, regulation and biological consequences. Cell Mol. Life Sci. 68,
749–763

44. Hanenberg, H., Hashino, K., Konishi, H., Hock, R. A., Kato, I., and Wil-
liams, D. A. (1997) Optimization of fibronectin-assisted retroviral gene
transfer into human CD34� hematopoietic cells. Hum. Gene Ther. 8,
2193–2206

45. Crequer, A., Troeger, A., Patin, E., Ma, C. S., Picard, C., Pedergnana, V.,
Fieschi, C., Lim, A., Abhyankar, A., Gineau, L., Mueller-Fleckenstein, I.,
Schmidt, M., Taieb, A., Krueger, J., Abel, L., Tangye, S. G., Orth, G., Wil-
liams, D. A., Casanova, J. L., and Jouanguy, E. (2012) Human RHOH defi-
ciency causes T cell defects and susceptibility to EV-HPV infections.
J. Clin. Investig. 122, 3239–3247

46. Sadowski, M., and Sarcevic, B. (2010) Mechanisms of mono- and poly-
ubiquitination. Ubiquitination specificity depends on compatibility be-
tween the E2 catalytic core and amino acid residues proximal to the lysine.
Cell Division 5, 19

47. van Wijk, S. J., and Timmers, H. T. (2010) The family of ubiquitin-conju-
gating enzymes (E2s). Deciding between life and death of proteins. FASEB
J. 24, 981–993

48. Schmidt-Mende, J., Geering, B., Yousefi, S., and Simon, H. U. (2010) Lys-
osomal degradation of RhoH protein upon antigen receptor activation in
T but not B cells. Eur. J. Immunol. 40, 525–529

49. Matsumoto, M., Oyamada, K., Takahashi, H., Sato, T., Hatakeyama, S.,
and Nakayama, K. I. (2009) Large-scale proteomic analysis of tyrosine-
phosphorylation induced by T-cell receptor or B-cell receptor activation
reveals new signaling pathways. Proteomics 9, 3549–3563

50. Aspenström, P., Ruusala, A., and Pacholsky, D. (2007) Taking Rho GT-
Pases to the next level. The cellular functions of atypical Rho GTPases.
Exp. Cell Res. 313, 3673–3679

51. Gu, Y., Zheng, Y., and Williams, D. A. (2005)RhoH GTPase. A key regu-
lator of hematopoietic cell proliferation and apoptosis? Cell Cycle 4,
201–202

52. Hiraga, J., Katsumi, A., Iwasaki, T., Abe, A., Kiyoi, H., Matsushita, T.,
Kinoshita, T., and Naoe, T. (2007) Prognostic analysis of aberrant somatic
hypermutation of RhoH gene in diffuse large B cell lymphoma. Leukemia
21, 1846–1847

53. Su, L., Lineberry,N.,Huh, Y., Soares, L., and Fathman,C.G. (2006)Anovel
E3 ubiquitin ligase substrate screen identifies Rho guanine dissociation
inhibitor as a substrate of gene related to anergy in lymphocytes. J. Immu-
nol. 177, 7559–7566

54. Ryhänen, T., Hyttinen, J. M., Kopitz, J., Rilla, K., Kuusisto, E., Mannermaa,
E., Viiri, J., Holmberg, C. I., Immonen, I., Meri, S., Parkkinen, J., Eskelinen,
E. L., Uusitalo, H., Salminen, A., and Kaarniranta, K. (2009) Crosstalk
between Hsp70 molecular chaperone, lysosomes and proteasomes in au-
tophagy-mediated proteolysis in human retinal pigment epithelial cells.
J. Cell Mol. Med. 13, 3616–3631

55. Qing, G., Yan, P., and Xiao, G. (2006) Hsp90 inhibition results in au-
tophagy-mediated proteasome-independent degradation of I�B kinase
(IKK). Cell Res. 16, 895–901

56. Qiao, L., and Zhang, J. (2009) Inhibition of lysosomal functions reduces
proteasomal activity. Neurosci. Lett. 456, 15–19

57. Benbrook, D. M., and Long, A. (2012) Integration of autophagy, protea-
somal degradation, unfolded protein response and apoptosis. Exp. Oncol.
34, 286–297

Characterization of the RhoH C Terminus and Insert Domain

36462 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 51 • DECEMBER 20, 2013


