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Janus kinases (Jaks) play an essential role in cytokine signaling and have been reported to regulate plasma
membrane expression of their cognate receptors. In this study, we examined whether Jak3 and the common �
chain (�c) reciprocally regulate their plasma membrane expression. In contrast to interleukin-2R�, �c local-
ized poorly to the plasma membrane and accumulated in endosomal-lysosomal compartments. However, �c was
expressed at comparable levels on the surface of cells lacking Jak3, and plasma membrane turnover of �c was
independent of Jak3. Nonetheless, overexpression of Jak3 enhanced accumulation of �c at the plasma mem-
brane. Without �c, Jak3 localized in the cytosol, whereas in the presence of the receptor, it colocalized with �c
in endosomes and at the plasma membrane. Although the Jak FERM domain is necessary and sufficient for
receptor binding, the requirement for full-length Jak3 in �c membrane trafficking was remarkably stringent;
using truncation and deletion mutants, we showed that the entire Jak3 molecule was required, although kinase
activity was not. Thus, unlike other cytokine receptors, �c does not require Jak3 for receptor membrane
expression. However, full-length Jak3 is required for normal trafficking of this cytokine receptor/Jak pair, a
finding that has important structural and clinical implications.

The Janus family of protein tyrosine kinases (Jaks) is a small
family consisting of Jak1, Jak2, Jak3, and Tyk2 (11, 15, 19, 23).
These kinases are structurally unique in possessing a carboxy-
terminal kinase domain, along with a pseudokinase domain,
which gave the Jaks their name. The pseudokinase domain, as
its name implies, lacks catalytic activity but has essential reg-
ulatory functions (4, 29). Jaks also have an SH2-like domain,
but the ability of this region to bind phosphotyrosine has not
been established. The amino terminus of Jaks comprises a
band-four-point-one, ezrin, radixin, moesin (FERM) domain,
which is critical for binding cytokine receptors (7, 8, 23).

Many lines of evidence ranging from mutant cell lines to
knockout mice and patients with immunodeficiency indicate
that Jaks are essential for signaling via type I and type II
cytokine receptors (6, 14, 15, 23). In addition, it has long been
appreciated that for some receptors, Jaks also appear to be
required for membrane localization of the cognate receptor.
That is, the earliest study showing that a Jak, in this case Tyk2,
is essential for signaling via alpha/beta interferon (IFN-�/�)
also demonstrated that IFN-� receptor subunit 1 (IFNAR1)
was poorly expressed on the surface of cells lacking this kinase
(35). More recently, it has been reported that Tyk2 impedes
constitutive endocytosis and degradation of IFNAR1 (25).

This internalization of IFNAR1 is dependent upon the intra-
cellular membrane proximal region (amino acids 480 to 520),
since deletion of this region allowed stable surface expression
(25). The requirement for Tyk2 for membrane localization of
this receptor is most evident in human fibrosarcoma cell lines
lacking Tyk2 (7, 26). However, in mice made deficient in Tyk2
by gene targeting, it has been reported that receptor expression
is normal (12), although the apparent differences between hu-
mans and mice may reflect technical problems related to anti-
receptor antibodies. Tyk2 has also been reported to enhance
the surface expression of interleukin-10R2 (IL-10R2) (25).

Plasma membrane localization of the erythropoietin recep-
tor (EpoR) also requires expression of its cognate Jak, Jak2,
although the mechanism appears to be different. EpoR/Jak2
association occurs in the endoplasmic reticulum (ER) and the
Jak has chaperone function; in the absence of Jak2, the EpoR
fails to traffic to the plasma membrane efficiently. A require-
ment for Jak has also been reported for the localization of the
Oncostatin M receptor to the plasma membrane, although the
underlying mechanism has not been elucidated (24). In sum-
mary, data from several systems strongly argue for the impor-
tance of Jaks in regulating cytokine receptors. However, there
are cell- and species-specific differences in this requirement,
and a common mechanism for controlling membrane expres-
sion has not yet been identified.

Unlike other cytokine receptors and Jaks, the common �
chain (�c) and Jak3 have limited distribution, both being pre-
dominantly expressed in cells of the hematopoietic lineage (3,
13). Also in contrast to other cytokine receptor-Jak pairs is the
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selective association of �c and Jak3. To the best of our knowl-
edge, �c interacts exclusively with Jak3 and the converse is also
the case. This contention is also supported by genetic data; the
phenotype of severe combined immunodeficiency (SCID) as-
sociated with �c deficiency is identical to that of Jak3 deficiency
(18, 28). These properties are very useful if one wishes to
examine whether Jak3 regulates the membrane expression of
�c or vice versa. Moreover, mouse and human cells lacking �c,
Jak3, or both are available. We therefore set out to determine
whether Jak3 and �c regulate each other’s subcellular localiza-
tion.

In the present study, by using fluorescent fusion proteins and
live cell imaging, we show that, in contrast to the IL-2R�
subunit, �c localized inefficiently to the plasma membrane and
accumulated predominantly in endosomal and lysosomal com-
partments. Measuring receptor surface expression with flow
cytometry shows that Jak3 is not required for the expression of
�c at the plasma membrane, and its presence or absence does
not influence receptor internalization. Nonetheless, overex-
pression of Jak3 promotes accumulation of �c at the plasma
membrane. Conversely, in the absence of �c, Jak3 localized to
the cytosol, and importantly, the entire Jak3 molecule is re-
quired for the proper localization of this cytokine receptor-Jak
pair. These findings demonstrate that the plasma membrane
expression of cytokine receptors is not universally dependent
upon the cognate Jak. These findings also have important
implications for our understanding of Jak structure and indi-
cate that the requirements for proper subcellular localization
of Jaks are surprisingly stringent.

MATERIALS AND METHODS

Antibodies and reagents. Brefeldin A (BFA; Sigma, St. Louis, Mo.) dissolved
in ethanol and cycloheximide (CHX; Sigma) dissolved in distilled water were
used at final concentrations of 2 and 20 �g/ml, respectively. Alexa-568 goat-anti-
mouse immunoglobulin G (IgG) and Alexa-568 goat-anti-rat IgG were pur-
chased from Molecular Probes (Eugene, Oreg.). TGN38, early endosomal anti-
gen 1 (EEA1), lysosomal membrane protein 1 (Lamp1), Rab5, CD132 (IL-2R�),
R-phycoerythrin (PE)-conjugated monoclonal rat anti-human CD132 and PE-
conjugated rat IgG2b antibodies were purchased from BD Transduction Labo-
ratories/BD Pharmingen (San Diego, Calif.). 7G7, anti-IL-2R (receptor) � chain
(anti-Tac) monoclonal antibody (MAb) was obtained from D. Nelson (National
Cancer Institute, Bethesda, Md.). The following antibodies were purchased:
anti-IL-2R�c (Santa Cruz Biotechnology, Santa Cruz, Calif.) and anti-actin MAb
(Chemicon International, Temecula, Calif.). The rabbit antisera against the
carboxy [anti-Jak3(C)] or amino [anti-Jak3(N)] termini of human or murine Jak3
were described previously (5).

Plasmid constructs and fusion proteins. All Jak3 fusion protein constructs
were generated by PCR amplification with human Jak3-pME18s as a template
(5). PCR products were first subcloned into pCR4-Topo vector for TA cloning
(Invitrogen, Carlsbad, Calif.). Inserts were then excised and subcloned into the
EcoRI-SacII sites of pEGFP-N3 (JH7-6), the KpnI-EcoRI sites (JH7-5), or the
XhoI-SacII sites (full-length Jak3) of pEGFP-N1 (Clontech Laboratories, Palo
Alto, Calif.). PCR amplification of full-length Jak3 was done in two steps. An
EcoRI restriction site was inserted in position 1806 by silent mutation of Phe602
(TTT3TTC); after restriction digestion, the two fragments of 1.8 and 1.6 kb
were subcloned sequentially into the XhoI-EcoRI sites and EcoRI-SacII sites of
the pEGFP-N1 vector. The common � chain of the human IL-2 receptor was
generated by PCR amplification with the IL-2R�–pME18s construct as a tem-
plate (27) and subsequently cloned into XhoI-BamHI sites of pHcRed-N1,
pEYFP-N1, or pEGFP-N1 (Clontech). The following Jak3 residues were mu-
tated by using the QuikChange XL site-directed mutagenesis kit (Stratagene, La
Jolla, Calif.): Y100C, D949N, K556A, K855A, R402H, E639K, C759R, Y980F,
Y981F, and YY980/981FF. The Jak3�JH1-green fluorescent protein (GFP) mu-
tant carrying a deletion of the entire JH1 domain was generated by introducing
a SacII restriction site at nucleotide 2440 in the Jak3-GFP construct, followed by
SacII digestion (removing amino acids 821 to 1096) and religation. All constructs

derived by PCR were verified by sequencing. The pEYFP-Golgi expression
plasmid was purchased from Clontech.

Cells, transfection, and microscopy. COS-7 and HeLa cells were cultured at
37°C in 5% CO2 in Dulbecco modified Eagle’s medium supplemented with 10%
fetal bovine serum (FBS), 2 mM L-glutamine, 100 U of penicillin/ml, and 100 �g
of streptomycin/ml (complete medium). Epstein-Barr virus (EBV)-transformed
human B cells from healthy donors or Jak3-SCID patients were cultured in
complete RPMI 1640 medium. Media, antibiotics, and FBS were obtained from
Biofluids (Rockville, Md.). Cells from patient 1, homozygous for a missense
mutation of Y1003C (18), express Jak3 at low levels but the mutant Jak3 does
not bind �c (1, 36). Cells from patient 2 are homozygous for a 151-bp deletion
within the pseudokinase domain resulting in a frameshift and premature termi-
nation, and these cells do not express Jak3 protein (18).

For immunohistochemistry and confocal microscopy, cells were seeded on
coverslips or grown in 4.3-cm2 chambers (two-well Lab-Tek chambered cover-
glass system; Nalge Nunc, Naperville, Ill.) and transiently transfected with 1 to 2
�g of plasmid by using FuGENE6 transfection reagent (Roche Diagnostics,
Mannheim, Germany) according to the manufacturer’s instructions. EBV-trans-
formed human B cells were transfected by electroporation with the human B-cell
Nucleofector kit (Amaxa Biosystems, Cologne, Germany) according to the com-
mercial protocol. At 20 to 24 h after transfection, cells were fixed in 4% para-
formaldehyde (Sigma) for 20 min at 4°C, washed, permeabilized in phosphate-
buffered saline containing 0.04% saponin (Sigma) and 1% bovine serum albumin
(BSA) for 1 h, and then stained with the appropriate primary antibody in the
same solution for 2 h, followed by staining with the secondary antibody for 45
min. Coverslips were mounted on glass slides in Vectashield mounting medium
(Vector Laboratories, Burlingame, Calif.). For imaging of live cells expressing
fluorescent protein constructs, two-well chambers were used to obtain the par-
allel and nearly simultaneous imaging of two separately transfected cell popula-
tions under identical experimental conditions. Cells were imaged in phenol
red-free Dulbecco modified Eagle medium supplemented with 20 mM HEPES
(pH 7.4), 10% FBS, L-glutamine, and antibiotics and then imaged 20 to 24 h after
transfection by using an Olympus Fluoview FV500 confocal microscope with a
�40 1.3 NA or a �60 1.4 NA Uplan apochromatic objective lens (Olympus
America, Inc.) or a Zeiss LSM 510 confocal microscope with a �40 or a �63 1.4
NA objective lens (Carl Zeiss, Jena, Germany). An argon laser was used for
excitation of pEGFP and pEYFP at wavelengths of 488 and 514 nm, respectively,
whereas a helium-neon laser (568 nm, Olympus; 543 nm, Zeiss) was used for
excitation of HcRed or Alexa-568. Cells expressing �c-GFP and Golgi-pEYFP
were imaged on the Zeiss 510, by using the argon laser at wavelengths of 488 and
514 nm for excitation and the Meta detector for recording of the emission. The
overlapping spectra of GFP and YFP emission were separated in post-image
analysis with the Zeiss software for linear unmixing. Images were acquired with
settings, allowing signal detection in the linear range below saturation. For
double staining, sequential acquisitions were performed to avoid cross talk be-
tween the two channels. The images presented are representative of at least three
independent experiments.

Flow cytometry. To measure surface expression of �c in HeLa or COS-7 cells
(106/condition) transfected with either GFP alone or �c-GFP or �c-GFP with
Jak3-pME18s (molar ratio of 1:3), cells were incubated with anti-human
CD132-PE or the appropriate isotype control for 30 min at 4°C. GFP-positive
cells, indicating cells transfected either with GFP or �c-GFP, were gated for
analysis of R-PE fluorescence. To measure the half-life of �c at the plasma
membrane, 106 EBV-transformed normal human B cells or B cells from Jak3
SCID patients were treated with BFA or CHX for the indicated times prior to
staining with anti-human CD132-PE.

Western blotting and immunoprecipitation. Splenocytes from C57BL/6 or
Jak3�/� mice and EBV-transformed B cells from Jak3 SCID and X-SCID pa-
tients or healthy donors were lysed in buffer containing 50 mM Tris-HCl (pH
7.5), 300 mM NaCl, 2 mM EDTA, 0.5% Triton X-100 (Sigma), 200 �M Na3VO4,
10 �g of aprotinin/ml, 10 �g of leupeptin/ml, and 2.5 �M p-nitrophenyl-p-
guanidinobenzoate (NPGB). Lysates were electrophoresed, transferred to nitro-
cellulose membranes, and immunoblotted with antibodies to Jak3, �c, and actin.
For coimmunoprecipitation experiments, COS-7 cells were transiently trans-
fected with Tac-�c (previously described by Zhou et al. [36]) and the indicated
Jak3-GFP fusion proteins by using FuGENE6 (Roche Diagnostics, Mannheim,
Germany) and then lysed in buffer containing 0.875% Brij 97 and 0.125% NP-40
(Sigma) as detergent. Clarified lysates were immunoprecipitated with anti-Tac.
Lysates and immunoprecipitates were boiled, subjected to sodium dodecyl sul-
fate–10% polyacrylamide gel electrophoresis, and electrotransferred onto nitro-
cellulose membranes (Schleicher & Schuell), followed by immunoblotting with
anti-Jak3.
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RESULTS

Jak3 is not required for �c membrane localization. Findings
from multiple cytokine receptor studies argue for the require-
ment of the relevant Jak to permit membrane expression of the
respective cytokine receptor (10, 24, 25). We first set out to
determine whether this requirement was also relevant for the
localization of �c to the cell surface. To this end, we examined
�c surface expression on cells obtained from Jak3-deficient
mice. As determined by flow cytometry, the plasma membrane
�c levels were not impaired by the absence of Jak3 (Fig. 1A);
on the contrary, the level of expression was slightly increased,
a finding consistent with a previous report (33). Because of
potential species-specific differences in the reported Jak chap-
erone function, we next examined whether Jak3-independent

membrane expression of �c was unique to mouse cells or
present in both mice and humans. As depicted in Fig. 1B,
human lymphocytes that lack Jak3 also had enhanced, not
diminished, cell surface �c levels.

We considered the possibility that elevated �c surface levels
were the result of increased total �c protein, and we therefore
assessed total cellular �c levels by immunoblotting. However,
Fig. 1C shows that the levels of �c protein were not altered by
the presence or absence of Jak3. Conversely, total Jak3 levels
were not affected by the presence or absence of �c (Fig. 1D).
Similar to experiments with endogenous kinase and receptor,
the lack of effect of �c and Jak3 on each others’ protein ex-
pression was as evident in transient-transfection experiments
with COS-7 cells (data not shown).

�c is poorly expressed on the cell surface compared to IL-
2R�. Given that �c was expressed in the absence of Jak3 and in
view of the fact that this behavior is distinct from that of some
other cytokine receptors, we thought it important to study the
subcellular distribution of �c. We therefore generated fluores-
cent fusion proteins to examine intracellular localization by
confocal microscopy. Upon transfection in HeLa (Fig. 2) or
COS-7 cells (not shown), which lack endogenous �c and Jak3,
�c accumulated in vesicular structures and localized ineffi-
ciently to the cell surface relative to the intracellular pool (Fig.
2A, left panel). Nonetheless, �c was also readily detectable on
the cell surface by flow cytometry (see below). The IL-2 recep-
tor complex consists of three receptor subunits: IL-2R�, IL-
2R�, and �c. Given the predominantly intracellular distribu-
tion of �c, we compared its subcellular localization to another
component of the IL-2R complex, IL-2R�. The latter accumu-
lated abundantly on the cell surface of HeLa and COS-7 cells
and in perinuclear compartments (Fig. 2A, right panel), which
contrasts sharply with the poor membrane localization of �c

and its accumulation in vesicular compartments. To investigate
the subcellular distribution pattern of �c, we cotransfected �c

with a Golgi marker or stained the �c-transfected cells with
antibodies against various organelles. In contrast to a report by
Huang et al. (10), which concluded that the EpoR accumulates
mostly in the ER in the absence of Jak2, we did not observe
colocalization of �c with markers for the Golgi complex, trans-
Golgi network (TGN) (Fig. 2B-C) or ER (not shown). Rather,
as shown in Fig. 2D to F, �c accumulated in early endosomes
and lysosomes, as reflected by its partial colocalization with
EEA1, Rab5, and Lamp1. In summary, our data therefore
indicate that �c did not efficiently localize to the cell surface
compared to another subunit of the IL-2R complex. The ac-
cumulation of �c in endosomal and lysosomal compartments is
consistent with previous data (9, 20) but is different from the
reported localization of the EpoR in the Golgi-ER.

Upon overexpression, Jak3 and �c enhance each other’s
membrane localization. In contrast to other cytokine recep-
tors, we found Jak3 not to be required for �c membrane ex-
pression (Fig. 1). However, we were nonetheless struck by the
inefficient membrane localization of �c (Fig. 2). We therefore
sought to determine whether reexpression of Jak3 in cells
lacking this kinase would influence �c membrane localization
and, conversely, whether �c influenced Jak3 subcellular distri-
bution. As demonstrated in Fig. 3A, upon transfection in HeLa
cells Jak3 was diffusely distributed in the cytosol without ap-
parent intrinsic ability to localize to the plasma membrane.

FIG. 1. Jak3-independent surface expression of �c. (A and B) Com-
parison of �c cell surface levels on splenocytes from wild-type C57BL/6
versus Jak3�/� mice (A) and EBV-transformed B cells from normal
individuals versus cells from Jak3 SCID patients (B). Cells were
stained with R-PE anti-CD132 (IL-2R�), and �c surface expression
was determined by flow cytometry. Dashed lines depict staining with
isotype control; black solid lines indicate anti-CD132 staining. The bar
graph in panel B shows a quantification of �c surface expression on cell
lines from three different Jak3 SCID patients and three normal con-
trols. Levels of �c and Jak3 protein are not influenced by each other’s
presence or absence. (C and D) Splenocytes from wild-type C57BL/6
versus Jak3�/� mice (C) and EBV-transformed B cells from normal
individuals, Jak3 SCID, or X-SCID patients (D) were lysed, and pro-
teins from the clarified lysates were separated on SDS-polyacrylamide
gels, transferred to nitrocellulose membranes, and blotted with anti-
IL-2R�c, anti-Jak3 (C), or antiactin antibodies.
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FIG. 2. Subcellular distribution of �c. HeLa cells were transfected with human �c-GFP (A to F, left panels) or IL-2R�-GFP (A, right panel).
Cells were cotransfected with pEYFP-Golgi marker (B, red) or cells were fixed, permeabilized, and stained with antibodies against various
organelles, followed by Alexa-568-coupled secondary antibody (C to F, green). All cells were imaged in confocal mode. (C) TGN38, antibody to
the TGN (red); (D) EEA1, antibody to EEA1 (red); (E) anti-Rab5, antibody to early endosomes (red); (F) anti-Lamp1, antibody to lysosomes
(red). The white arrows indicate colocalization of �c-GFP with endosomes (D and E) or lysosomes (F). Scale bar, 20 �m.
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Interestingly, cotransfection of �c with Jak3 had effects on both
proteins. First, Jak3 was now detected at the plasma mem-
brane (Fig. 3B). In addition, �c also accumulated more at the
cell surface (compare Fig. 3B and A). We next used flow
cytometry to confirm and quantify the apparent enhanced
membrane localization of �c by Jak3. As shown in Fig. 3C, �c

was detectable at the cell surface of transfected COS-7 cells in
the absence of Jak3 (mean fluorescence intensity [MFI] of
107.74 compared to cells transfected with GFP alone [MFI 	
4.8]). However, cotransfection with Jak3 increased receptor
surface levels (Fig. 3D, MFI 	 208.91); the quantitation of this
increase obtained from three independent experiments is

shown in Fig. 3E. These results indicated that, although �c did
not require Jak3 for its cell surface localization, artificial ex-
pression of this kinase clearly enhanced receptor trafficking to
the membrane. To ascertain that this alteration in subcellular
distribution was pertinent to lymphocytes, we performed anal-
ogous experiments in Jak3-deficient cell lines from a SCID
patient. As indicated above, �c was expressed at higher levels
on cells lacking Jak3, nonetheless, expression of Jak3 further
augmented �c cell surface levels (Fig. 3D); the effect of Jak3 on
�c was evident both in wild-type and Jak3-deficient cells. Im-
portantly, we observed the same effects in transfected lympho-
cytes (Fig. 3D) as in COS-7 cells (Fig. 3C), indicating that Jak3

FIG. 3. Coexpression of Jak3 and �c increases membrane localization of both. HeLa cells were transfected with human Jak3 or �c individually
(A) or together (B) and analyzed by confocal microscopy. In panel A, the left panel shows homogeneous cytoplasmic distribution of Jak3-GFP and
the right panel depicts the endosomal-lysosomal and poor plasma membrane localization of �c-GFP. Panel B shows Jak3-GFP in green and
�c-HcRed in red. The merged image of the two signals is shown on the right. Scale bar, 20 �m. (C and D) COS-7 cells, transfected with GFP-vector
(black), �c-GFP alone (green), or �c-GFP plus Jak3-pME18s (molar ratio of 1:3; red) (C) and human Jak3-deficient EBV-transformed B cells,
transfected with GFP-vector (green) or Jak3-GFP (red) (D) were stained after 20 h with R-PE-labeled anti-human CD132 antibody (anti-IL-2R�)
and then analyzed by flow cytometry. Dashed lines depict staining with isotype control. GFP-positive cells were gated for analysis of PE
fluorescence (�c cell surface expression). (E) Quantification of �c surface expression in COS-7 cells transfected with �c-GFP alone or �c-GFP and
Jak3. The diagram shows the percentage of �MFI for the indicated constructs obtained from three independent experiments.
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can positively influence �c membrane expression, although it is
clearly not required.

Membrane half-life of �c is independent of Jak3. Although
�c is detectable at the cell surface in the absence of Jak3, our
data also indicated that �c localized poorly to the plasma mem-
brane compared to the IL-2R�. Therefore, we next considered
the possibility that Jak3 might influence receptor half-life and
that an effect of Jak3 would be more evident if we perturbed
receptor expression. For instance, the degradation of IFNAR1
after CHX treatment was reduced in the presence of Tyk2
(25). We therefore treated normal and Jak3-deficient human B
cells with CHX to prevent the synthesis of new receptors.
Employing flow cytometry, we found a rapid decrease of �c

surface levels, reaching 50% of the control level at approxi-
mately 2 h of incubation with CHX (Fig. 4A). However, no
differences between normal human B cells and Jak3-deficient
B cells were detected (Fig. 4A), indicating that the presence or
absence of Jak3 did not influence the loss of �c surface expres-
sion after de novo protein synthesis was blocked. As an alter-
native approach we also used the fungal metabolite BFA,
which reversibly blocks anterograde ER-to-Golgi traffic, result-
ing in accelerated redistribution of the Golgi into the ER (16).
BFA treatment led to a decrease in �c surface levels similar to
CHX, reaching 50% of the control level after approximately 45
min (Fig. 4B and C). Three independent experiments pro-
duced similar results. Treatment of cells with ethanol alone
(vehicle control) did not influence �c surface expression (data
not shown). Again, the absence of Jak3 (Fig. 4B and C) did not
influence the loss of �c from the membrane; these results stand
in contrast to the data pertaining to IFNAR1 (25).

Since the effect of BFA is reversible, we used BFA washout
experiments to examine whether the presence of Jak3 affected
the reappearance of �c at the cell surface. As shown in Fig. 5A,
the membrane expression of �c was reduced after BFA treat-
ment for 1 h. The cells were then reincubated in medium
without BFA, and �c membrane expression returned to normal
levels after 2 to 3 h (Fig. 5A). Three independent experiments
produced similar results. As is evident in Fig. 5A and B, the
absence of Jak3 in EBV-transformed B cells from Jak3 SCID
patients did not affect the rate of reappearance of �c on the cell
surface.

We conclude from these experiments that, there is no strict
chaperone function of Jak3 for �c. In overexpression systems
Jak3 can influence �c’s subcellular distribution. However, in
lymphocytes under basal and perturbed conditions, �c expres-
sion and its rate of appearance and disappearance on the cell
surface are all independent of Jak3. Conversely, however, it is
very clear that Jak3’s membrane localization is entirely depen-
dent upon �c. This then afforded us an opportunity to carefully
examine the requirements for Jak3/�c interaction and traffick-
ing to the plasma membrane.

The Jak3 FERM domain is necessary but not sufficient for
proper membrane distribution of Jak3; full-length Jak3 is
required. Work from multiple cytokine receptors, including �c,
has argued for the importance of the Jak FERM domain in
mediating receptor association (5, 7, 8, 36). A caveat with the
coassociation studies is that many were done by using recom-
binant proteins or by coimmunoprecipitation of overexpressed
proteins; these in vitro associations have not been carefully
examined in live cells. To address this issue, we generated a

FIG. 4. Membrane turnover of �c is independent of Jak3. EBV-
transformed human B-cell lines from normal individuals (control) and
Jak3-SCID patients were treated with either CHX (20 �g/ml) (A) or
BFA (2 �g/ml) (B and C) for the time indicated, fixed, and stained with
anti-human CD132-PE antibody to determine �c surface levels by flow
cytometry. The experiment was done in triplicate for each time point.
The MFI indicates the channel number in a linear scale, which corre-
sponds to the MFIs obtained for a particular antibody. The �MFI was
calculated for each sample by subtracting the geometric mean fluores-
cence of the corresponding isotype control from those relative to the
CD132-specific antibody. Cells from patient 1 (in panels A and B) are
homozygous for a missense mutation Y1003C (18); this mutant ver-
sion of Jak3 is expressed but does not bind to �c (1, 36). Cells from
patient 2 (C) are homozygous for a 151-bp deletion in the pseudoki-
nase domain, leading to a frameshift and premature termination (18);
this Jak3 variant is not expressed.
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series of Jak3-GFP fusion proteins to assess their ability to
interact with �c and traffic to the plasma membrane. As shown
in Fig. 6A (first row), full-length Jak3 colocalized with �c at the
plasma membrane. In contrast, a variant of Jak3 bearing a
SCID patient-derived mutation in the FERM domain (patient
1) failed to colocalize with �c (Fig. 6A, second row;
Jak3Y100C). As a result, this mutant form of Jak3 was cyto-
solic, and �c accumulated in endosomal and lysosomal com-
partments, a finding consistent with the importance of the
FERM domain in mediating receptor association. As shown in
Fig. 6A, however, the isolated FERM domain (third row), as
well as the JH7-JH6 domain (fourth row), did not support
plasma membrane localization of Jak3. In fact, another mutant
that included all but the kinase domain of Jak3 did not traffic
properly either, although it colocalized with �c (Fig. 6A, fifth
row; Jak3�JH1). Since the Jak3 mutant lacking the kinase
domain did not traffic properly, we next considered the possi-
bility that catalytic activity was required for this property. A
Jak3 mutant in which the critical aspartate residue involved in
the phosphotransferase reaction is mutated (Jak3D949N) pro-
moted �c membrane expression (Fig. 6A, sixth row). In con-
trast, another mutation in the kinase domain, K855A, which
affects the lysine residue that binds ATP-Mg, failed to traffic
normally (Fig. 6A, seventh row; Jak3K855A). Thus, it ap-
peared that seemingly minor Jak3 mutations had significant

effects on the ability of Jak3 to localize with �c to the plasma
membrane. Therefore, we next analyzed previously described
tyrosine mutations within the putative activation loop of the
Jak3 kinase domain (37). The activation loop residues Y980
and Y981 disparately regulate Jak3 kinase activity (37). How-
ever, none of the three mutants (Y980F, Y981F, and YY980/
981FF) influenced normal trafficking and all promoted Jak3/�c

membrane localization (Fig. 6A, eighth to tenth rows;
Jak3Y980F, Jak3Y981F, and Jak3YY980/981FF).

Since some but not all Jak3 mutants influenced subcellular
localization, we analyzed various other mutants. The pseudoki-
nase domain has a site analogous to K855A, but whether it is
functional or not has not been determined. As shown in Fig.
6A (eleventh row; Jak3K556A), this mutant failed to traffic
properly. In addition, two other point mutations in the
pseudokinase domain, a patient-derived mutation, C759R (2,
36) (Fig. 6A, twelfth row), and E639K, a mutation analogous to
the gain-of-function Hopscotch mutation (17) (Fig. 6A, thir-
teenth row), failed to traffic normally. Jaks also have an SH2-
like domain, but the ability of this domain to bind phosphoty-
rosine has not been established. A patient-derived mutation in
this region, however, blocked the ability of Jak3 to promote �c

membrane expression (Fig. 6A, bottom row; Jak3R402H). The
localization of Jak3 and its mutants, cotransfected with �c, is
summarized in Fig. 6B.

As a control, we also examined the coimmunoprecipitation
of various Jak3 mutants with the cytoplasmic part of �c. As
reported previously, the Y100C mutant associated poorly with
�c compared to wild-type Jak3 (Fig. 6C, lane 2 versus lane 1)
(1). Conversely, previous work has documented that the
FERM domain is necessary and sufficient for receptor associ-
ation as measured by coimmunoprecipitation. As is evident in
Fig. 6C, the JH7-JH6 and �JH1 mutants (lanes 3 and 4) still
bound �c, although they did not traffic properly within the cell
(Fig. 6A). In addition, a number of Jak3 missense mutations all
coprecipitated with �c as efficiently as the wild-type, and this in
vitro association contrasts with their subcellular distribution.

DISCUSSION

Jaks are essential for cytokine receptor signaling; however,
the extent to which they regulate receptor expression is less
clear. In the present study we show that murine and human
lymphocytes do not require Jak3 for expression of �c on the
cell surface.

The EpoR, when overexpressed, is mostly retained in the
ER, destined for degradation; only a small fraction exits the
ER and is localized at the plasma membrane (21, 32). Coex-
pression of Jak2 enhances EpoR Golgi processing and surface
expression. Similarly, the oncostatin M receptor, when overex-
pressed, also accumulates mainly in the ER (24). We did not
find this to be the case for �c; it showed no coassociation with
the Golgi complex or ER.

IFNAR1 and IL-10R2 also do not accumulate in the ER;
rather, they accumulate in early endosomes and lysosomes
(25). In this respect, �c behaves similarly. However, IFNAR1 is
poorly expressed on the cell surface in the absence of Tyk2,
which is thought to be important in regulating endocytosis of
surface expressed receptor (25). �c, however, seems to be reg-
ulated differently. It localizes to the cell surface in the absence

FIG. 5. Recovery of �c expression on the cell surface is indepen-
dent of Jak3. EBV-transformed human B-cell lines from normal indi-
viduals (control) and Jak3-SCID patients (see Fig. 4) were treated with
BFA for 1 h, washed three times with ice-cold phosphate-buffered
saline–2% FBS, and recultured in complete RPMI at 37°C for the
indicated time points. The reappearance of �c at the cell membrane
was measured by flow cytometry (as described in Fig. 4).
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of Jak3, and its disappearance from or reappearance to the
membrane is also not influenced by the kinase. Nonetheless,
transfection of cells with Jak3 did upregulate �c membrane
accumulation, a finding consistent with studies of the EpoR
and IFNAR1. The basis for the similarities and differences in
the behavior of cytokine receptors is unclear at the present
time. Presumably, it will ultimately be possible to classify cy-
tokine receptors based on their trafficking and Jak depen-
dence. It will be interesting to understand the molecular mech-
anisms underlying these distinct behaviors. It is tempting to
speculate that it will be possible to identify motifs within the
cytosolic domains of the receptors that explain their trafficking.

Consistent with a previous study, the present study also
shows that Jak3-deficient lymphocytes express higher levels of
�c at the cell surface. One explanation of these results could be
that the presence of Jak3 influences total �c protein levels
rather than surface levels. However, as shown in Fig. 1C, the
levels of �c protein were not altered by the presence or absence
of Jak3. One might have concluded, therefore, that Jak3 neg-
atively regulates its receptor. However, reconstitution experi-
ments did not diminish receptor expression. On the contrary,
Jak3 reconstitution in COS-7 cells or EBV-transformed B cells
from Jak3 SCID patients enhanced �c surface levels even fur-
ther, a finding consistent with studies of other cytokine recep-
tors. A third possibility is that the cells have an activated
phenotype. In fact, T cells from Jak3�/� mice do express ac-
tivation markers (30, 31, 34), but B-cell lines from Jak3 SCID
patients are heterogeneous and do not express activation
markers; thus, this may not be the explanation. However, the
enhanced receptor surface expression is likely a compensatory

effect due to the lack of cytokine signaling, although it is
notable that the total levels of �c are not increased. Thus, the
exact mechanism underlying the enhanced membrane localiza-
tion of �c remains obscure at this time.

Previous findings, as well as the present study, document
that, like IL-2R�, �c is predominantly localized to endosomal
and lysosomal compartments and has a short half-life on the
plasma membrane. Given this distribution of �c, it is likely that
the membrane expression of �c is highly regulated, both posi-
tively and negatively, by molecular chaperones. In view of the
fact that the first 40 cytosolic amino acids of �c are reportedly
sufficient for its internalization and degradation but not suffi-
cient for Jak3 interaction, the major regulator would not be
expected to be a Jak (20). The results provided by the present
study, a finding consistent with the preceding data, firmly es-
tablish that Jak3 is not the major regulator of �c trafficking.
Our data also show that overexpression of Jak3 can influence
receptor expression, but whether there are physiologic or
pathological settings in which this element of control is impor-
tant remains to be determined; we could find no evidence of
this at present.

The second major finding of the present study is that �c is
critical for Jak3 plasma membrane localization, and the struc-
tural requirements of the association of kinase with �c are
quite stringent. In the absence of �c, Jak3 was diffusely ex-
pressed in the cytosol with nuclear exclusion and apparently
had no intrinsic ability to localize to the plasma membrane.
Previous work has established that the Jak3 FERM domain is
necessary and sufficient for receptor binding, as measured by
the association of recombinant proteins (5, 36); this was con-

FIG. 6. Strict structural requirements for proper Jak3 membrane localization but not coimmunoprecipitation with �c. (A) HeLa cells were
transfected with the indicated Jak3 constructs with (�) or without (�) �c and then analyzed by confocal microscopy. The middle panels show the
green channel; the right panels show a merge of the two signals after cotransfection of the indicated Jak3-GFP constructs with �c-HcRed. Scale
bar, 20 �m. (B) Schematic presentation of the various constructs and a synopsis of the localization of the mutant Jaks. (C) COS-7 cells were
transfected with Tac-�c and GFP fusion proteins of wild-type Jak3 or various mutants. Lysates were immunoprecipitated (IP) with anti-Tac and
blotted with anti-Jak3(N), an anti-peptide Jak3 directed against the amino terminus (top panel). Expression of the different Jak3 constructs were
analyzed by immunoblotting (IB) with anti-Jak3(N) (bottom panel).
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firmed in the experiment depicted in Fig. 6C. However, we
found that the FERM domain was not sufficient to promote
Jak3/�c localization at the plasma membrane in live cells. We
therefore investigated in detail the structural and functional
characteristics of the full-length Jak3 molecule that would al-
low for normal trafficking of Jak3/�c. Several Jak3 mutants,
including the K855A and K556A mutants, failed to traffic nor-
mally. However, not all Jak3 mutations interfere with traffick-
ing, i.e., a different kinase-deficient Jak3 mutant (D949N) was
fully capable of promoting Jak3/�c membrane localization.
Previously described tyrosine mutations in the putative activa-
tion loop of Jak3 (37) also did not impede the trafficking and
were capable of facilitating the membrane localization of the
receptor-kinase complex.

At present, there are more than 25 mutations described in
Jak3-SCID patients, which may result in the reduction of Jak3
protein expression and loss of kinase activity (22). We tested
some of these patient-derived mutations for intracellular traf-
ficking and found that Jak3/�c interaction and trafficking were
very sensitive to Jak3 mutations. All of the patient mutations
abolished normal Jak3/�c membrane localization. It is appar-
ent from these site-directed and naturally occurring Jak3 mu-
tations that, although Jak3 is not an absolute requirement for
�c localization to the plasma membrane, the converse is true:
�c association is absolutely required for the ability of Jak3 to
traffic to the plasma membrane. Jak structure clearly plays a
critical role in the appropriate localization of the Jak3/�c com-
plex, and aberrant trafficking is likely another contributor to
the pathogenesis of SCID. Assessing the ability of Jak3 to
properly localize with �c in living cells appears to be a very
sensitive indicator of proper Jak structure.

In summary, the data in the present study indicate that,
unlike other well-studied cytokine receptor-Jak pairs, Jak3 is
not absolutely required for the plasma membrane expression
of its cognate receptor �c, even though transfection of cells
with Jak3 can promote �c membrane localization. Dissecting
the molecular basis for the behaviors of the different cytokine
receptors will clearly be an interesting area of future research.
Conversely, �c is indispensable for Jak3 membrane localiza-
tion. Moreover, the ability of Jak3 to properly traffic with �c to
the cell surface requires the full-length Jak3 but does not
depend on functional kinase activity. Nonetheless, multiple
mutations in Jak3 do affect trafficking, indicating the complex
interactions of Jak3 and �c. This is another area that clearly
needs to be investigated more thoroughly, hopefully with more
detailed structural studies. Understanding the molecular basis
for the reciprocal regulation of �c and Jak3 will be important
given the critical in vivo functions of both proteins and their
clinical significance.
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