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Introduction

Originally identified in B cells, nuclear factor-κB (NF-κB) 
is a pleiotropic transcription factor required for orchestrating 
proper immune and inflammatory responses as well as for the 
development of secondary lymphoid tissues.1,2 Mammals express 
5 NF-κB subunits known as RelA, RelB, cRel, p105/p50, and 
p100/p52, which form homo- and heterodimers to alter gene 
expression.3 Prior to activation, NF-κB subunits exist as pre-
formed dimers and are sequestered in the cytoplasm by IκB pro-
teins.2,4,5 Interestingly, the p100 NF-κB subunit also functions as 
an IκB protein and must undergo partial proteolytic processing 
to produce p52, the active form of p100.6 NF-κB signaling is con-
trolled by 2 pathways, known as the canonical and noncanoni-
cal NF-κB pathways, which are differentially regulated and lead 
to the activation of distinct NF-κB dimers.7,8 Cellular stresses, 

the IL-1 receptor, the retinoic acid-inducible gene-1 receptor, 
toll-like receptors, and most tumor necrosis factor receptors 
(TNFR) modulate canonical NF-κB signaling by inducing the 
degradation of IκB proteins to allow nuclear translocation of pre-
dominantly p50/RelA and p50/cRel dimers.9-12 Conversely, the 
noncanonical NF-κB pathway involves the activity of p52/RelB 
dimers and is regulated by a subset of TNFRs, including LTβR, 
BAFFR, CD40, CD30, TWEAK, and RANK.8,13-15

The NF-κB-inducing kinase (NIK; encoded by Map3k14) 
is required for stimulation of the noncanonical NF-κB pathway 
and is normally continuously targeted for proteasomal degrada-
tion by a complex consisting of tumor necrosis factor receptor-
associated factor-3 (TRAF3), TRAF2, and the cellular inhibitor 
of apoptosis proteins 1 and 2.16,17 Initiation of noncanonical 
NF-κB signaling results in the degradation of TRAF3, which 
disrupts complex formation and results in the accumulation of 
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T cells devoid of tumor necrosis factor receptor associated factor-3 (Traf3) exhibit decreased proliferation, sensitivity 
to apoptosis, and an improper response to antigen challenge. We therefore hypothesized that TRAF3 is critical to the 
growth of malignant T cells. By suppressing TRAF3 protein in different cancerous T cells, we found that anaplastic large 
cell lymphoma (ALCL) cells require TRAF3 for proliferation. Since reducing TRAF3 results in aberrant activation of the non-
canonical nuclear factor-κB (NF-κB) pathway, we prevented noncanonical NF-κB signaling by suppressing RelB together 
with TRAF3. This revealed that TRAF3 regulates proliferation independent of the noncanonical NF-κB pathway. However, 
suppression of NF-κB-inducing kinase (NIK) along with TRAF3 showed that high levels of NIK have a partial role in block-
ing cell cycle progression. Further investigation into the mechanism by which TRAF3 regulates cell division demonstrated 
that TRAF3 is essential for continued PI3K/AKT and JAK/STAT signaling. In addition, we found that while NIK is dispens-
able for controlling JAK/STAT activity, NIK is critical to regulating the PI3K/AKT pathway. Analysis of the phosphatase and 
tensin homolog (PTEN) showed that NIK modulates PI3K/AKT signaling by altering the localization of PTEN. Together our 
findings implicate TRAF3 as a positive regulator of the PI3K/AKT and JAK/STAT pathways and reveal a novel function for 
NIK in controlling PI3K/AKT activity. These results provide further insight into the role of TRAF3 and NIK in T cell malignan-
cies and indicate that TRAF3 differentially governs the growth of B and T cell cancers.
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NIK, followed by the production of p52.18 Interestingly, delet-
ing Traf3 in murine B and T lymphocytes results in differential 
effects on cell function, although noncanonical NF-κB signaling 
is activated in both cell types.19 While Traf3−/− B cells disengage 
from their dependence on B cell-activating factor (BAFF) for 
continued viability, Traf3−/− T cells remain dependent on growth 
factors for survival.20,21 In fact, Traf3−/− T cells become sensitized 
to cell death and undergo high rates of apoptosis after stimula-
tion of the T cell receptor and co-receptor, CD28.22 In addition, 
whereas loss of Traf3 has no obvious effect on the division of 
B cells, Traf3−/− T cells fail to proliferate when challenged with 
antigen.19

The phenotypes associated with Traf3−/− B and T lympho-
cytes imply that TRAF3 has opposing functions in regulating 
the physiology of the 2 cell types and suggests that TRAF3 has 
differential roles in B and T cell oncogenesis. Because deleting 
Traf3 in B cells results in uncontrolled growth, it is not surpris-
ing that TRAF3 mutations have been identified in several human 
B cell cancers, including Hodgkin lymphoma, splenic marginal 
zone lymphoma, and multiple myeloma.23-25 These findings sug-
gest that TRAF3 functions as a tumor suppressor in B cells, 
which was recently confirmed by the observation that specifically 
deleting Traf3 in B cells leads to the development of B cell lym-
phomas in mice.26 In contrast, to our knowledge, TRAF3 muta-
tions have not been identified in human T cell cancers, which 
would be predicted based on the phenotype of Traf3−/− murine T 
cells. However, the role of TRAF3 in cancerous T cells remains 
poorly understood. Therefore, to further characterize the func-
tion of TRAF3 in T cell-derived cancers, we suppressed TRAF3 

in various human malignant T cell lines. Given that TRAF3 is 
required for normal T cells to function properly, we hypothesized 
that reducing TRAF3 protein in cancerous T cells would lead 
to detrimental effects on growth. Here we report that anaplastic 
large cell lymphoma (ALCL) cells require TRAF3 to maintain 
cell growth. Notably, though reducing TRAF3 protein results in 
activation of the noncanonical NF-κB pathway, our data indi-
cate that TRAF3 controls cell division independently of nonca-
nonical NF-κB activity. We show that ALCL cells depend on 
PI3K/AKT and JAK/STAT signaling for proliferation, and that 
TRAF3 is required to sustain cell division by promoting PI3K/
AKT and JAK/STAT activity.

Results

TRAF3 is required for the proliferation of ALCL cells
Previous work has demonstrated that while TRAF3 appears 

to be a tumor suppressor in B cells, deleting Traf3 in T cells 
has negative effects on normal T cell function.26 Based on these 
observations, we predicted that TRAF3 is critical to the growth 
of cancerous T cells. To test this hypothesis, TRAF3 protein 
was suppressed in malignant T cells derived from ALCL, acute 
lymphoblastic leukemia (T-ALL), and in a malignant T cell with 
Hodgkin lymphoma histological characteristics. Cell cycle analy-
sis of treated cells found that reducing TRAF3 protein in ALCL 
cells (Karpas 299, Michel, SUDHL-1) triggered a dramatic 
accumulation of cells in the G

1
 phase of the cell cycle (Fig. 1A). 

Intriguingly, a proliferation defect was not observed in T cells 

Figure 1. Suppression of TRAF3 triggers cell cycle arrest in ALCL cells. (A) ALCL (Karpas 299, Michel, and SUDHL-1) cells were transfected with either 
control (c) or TRAF3 (T3) siRNA for 48 h and then stained with PI to examine the cell cycle profile by flow cytometry. (B) T-ALL (Peer and Molt-13) and 
Hodgkin lymphoma (L540) cells were transfected with control (c) or TRAF3 (T3) siRNA and analyzed by flow cytometry after propidium iodide (PI) stain-
ing. (C) Flow cytometry of PI stained Karpas 299 cells transfected with different TRAF3 siRNA duplexes for 48 h. *P < 0.001 compared with siControl.
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from T-ALL (Peer, Molt-13) or Hodgkin lymphoma (L540) can-
cers, though western blot analysis demonstrated effective sup-
pression of TRAF3 protein (Fig. 1B). In an effort to rule out any 
off-target effects, 2 additional TRAF3 siRNA duplexes were also 
used to decrease the levels of TRAF3 in Karpas 299 cells and 
likewise led to G

1
 cell cycle arrest (Fig. 1C). Together these find-

ings indicate that in ALCL malignant T cells, TRAF3 is essential 
for G

1
 to S transition and continued proliferation.

TRAF3 inhibits noncanonical NF-κB activity in malignant 
T cells

Ablation of Traf3 has been shown to induce aberrant nonca-
nonical NF-κB signaling.21 However, it is unclear if the degree 
of induction between cell types differs and whether variations in 
activity result in unique phenotypes. In view of our result that 
suppression of TRAF3 did not trigger cell cycle arrest in cells 
from T-ALL cell lines or a T cell-derived Hodgkin lymphoma 
cell line (Fig. 1B), we investigated whether this was due to dis-
parities in noncanonical NF-κB activity. Processing of p100 
to p52 is induced when the noncanonical NF-κB pathway is 
stimulated.27 Therefore, the levels of p52 protein were assessed 
in the different T cell cancer lines after suppressing TRAF3. As 
shown by immunoblot analysis, reducing TRAF3 protein in the 
assorted cancerous T cells results in an increase in p52 produc-
tion (Fig. 2A and C). Quantitative PCR (qPCR) further revealed 
an increase in expression of noncanonical NF-κB target genes in 
the different cancer lines with a notably higher level of activity in 
ALCL cells (Fig. 2B and D). Whereas loss of TRAF3 in normal 
cells results in induction of the noncanonical NF-κB pathway, 
for some malignant cells inactivating mutations in TRAF3 have 
been shown to also lead to stimulation of canonical NF-κB sig-
naling.28,29 Activation of the canonical NF-κB pathway induces 
proteasomal degradation of IκBα, and, as demonstrated by 
immunoblot analysis, reducing TRAF3 did not affect the stabil-
ity of IκBα in any of the cancerous T cells (Fig. 2A and C).30 

Taken together, our results indicate that TRAF3 is required to 
prevent basal noncanonical NF-κB signaling in several T cell 
cancers, and that suppressing TRAF3 in ALCL cells elicits the 
greatest increase in activity.

TRAF3 regulates proliferation independently of NF-κB 
signaling

To characterize the role of the noncanonical NF-κB pathway 
in the proliferation defect triggered by suppression of TRAF3, 
we first determined whether the increase in noncanonical NF-κB 
activity correlated with the initiation of cell cycle arrest. By con-
ducting a time course experiment in Karpas 299 cells we found 
that both p52 production and the percentage of cells in G

1
 began 

to increase 24 h after TRAF3 siRNA treatment (Fig. 3A and B). 
In addition, later time points showed further accumulation of 
p52 as well as higher numbers of cells arresting in G

1
 (Fig. 3A 

and B).
Having found a correlation between activation of the nonca-

nonical NF-κB pathway and induction of cell cycle arrest, we 
next examined whether preventing noncanonical NF-κB activ-
ity would reverse the proliferation defect. RelB is critical for 
noncanonical NF-κB signaling, and, as shown by qPCR, sup-
pression of RelB together with TRAF3 prevented the increase 
in expression of noncanonical NF-κB-responsive genes (Fig. 3C 
and D). However, to our surprise, cell cycle analysis of these cells 
showed that they still arrested in G

1
 (Fig. 3E). To ensure that 

canonical NF-κB activity was not involved in the defect in cell 
division, RelA was also suppressed with TRAF3. As expected, 
co-suppression of RelA with TRAF3 did not rescue the arrest 
phenotype (Fig. 3E). Notably, simultaneous suppression of RelA 
with TRAF3 did not inhibit the increase in expression of non-
canonical NF-κB target genes. Instead, as previously reported, 
RelA appears to suppress basal noncanonical NF-κB activity, as 
reducing RelA protein alone led to a modest increase in nonca-
nonical NF-κB signaling (Fig. 3C and D).31 Together, these data 

Figure 2. TRAF3 inhibits noncanonical NF-κB activity in malignant T cells. (A) ALCL cells were transfected with control (c) or TRAF3 (T3) siRNA for 48 h and 
then lysed in RIPA buffer. Lysates were probed with antibodies specific to TRAF3, p100/p52, IκBα, and β-actin. (B) Total RNA was collected from Karpas 
299 and Michel cells treated with control (c) or TRAF3 (T3) siRNA for 48 h and subjected to reverse transcription followed by qPCR analysis of BIRC3 and 
TRAF1 expression. (C) Peer, Molt-13, and L540 cells were transfected with control (c) or TRAF3 (T3) siRNA and lysed in RIPA buffer followed by immunob-
lotting with antibodies directed to TRAF3, p100/p52, IκBα, and β-actin. (D) Forty-eight hours post-transfection total RNA was isolated from control (c) or 
TRAF3 (T3) siRNA transfected Peer and Molt-13, which was used to determine the expression levels of BIRC3 and TRAF1 by qPCR.
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demonstrate that TRAF3 controls proliferation independent of 
its function as a negative regulator of the noncanonical NF-κB 
pathway.

NIK is important for the division of ALCL cells
TRAF3 has an essential role in targeting NIK for proteasomal 

degradation. Thus, suppression of TRAF3 leads to an accumula-
tion of NIK protein and activation of the noncanonical NF-κB 
pathway (Fig. 4A and B).32 Despite the fact that noncanonical 
NF-κB activity is not involved in the arrest phenotype associated 
with suppression of TRAF3, NIK has also been implicated in the 
regulation of other signaling pathways, including the JNK, JAK/
STAT, and ERK pathways.33-35 Therefore, co-suppression studies 
with NIK and TRAF3 were performed to evaluate the role of 
NIK in controlling cell cycle progression in response to loss of 
TRAF3. Cell cycle analysis of double suppressed cells showed 
that reducing NIK protein decreased the number of cells arrested 
in G

1
 (Fig.  4C). To confirm that suppression of NIK restored 

proliferation, the growth of co-suppressed cells was compared 
with cells with suppressed levels of TRAF3. Assessing growth 
over several days demonstrated that NIK is critical to inducing 
cell cycle arrest, as co-suppressed cells grew at a significantly 
higher rate than those with suppressed TRAF3 alone (Fig. 4D). 
Along with our observation that noncanonical NF-κB signaling 
is not involved in the G

1
 arrest induced by loss of TRAF3, these 

results indicate that NIK controls the proliferation of ALCL cells 
independent of the noncanonical NF-κB pathway.

NIK alters the localization of PTEN
In order to identify candidate pathway(s) that are regulated 

by TRAF3 and/or NIK, ALCL cells were treated with chemical 
kinase inhibitors to ascertain pathways that control cell division. 

These experiments demonstrated that blocking p38 and ERK 
activity had no effect on cell growth, while inhibition of JNK, 
PI3K/AKT, and JAK/STAT signaling resulted in cell cycle arrest 
(Table 1). Furthermore, preventing PI3K/AKT and JAK/STAT 
activity led to G

1
 arrest, similar to reducing TRAF3 (Table 1). 

Immunoblot analysis was performed to evaluate the activity of 
the PI3K/AKT and JAK/STAT pathways in cells with suppressed 
TRAF3 protein. Remarkably, we found that decreasing TRAF3 
protein leads to lower levels of AKT and STAT3 phosphorylation 
(Fig. 5A). Total AKT and STAT3 proteins were also analyzed to 
evaluate whether the decline in AKT and STAT3 activity resulted 
from alterations in total protein levels. Interestingly, we observed 
that while total AKT was not affected by suppressing TRAF3 
protein, total STAT3 was dramatically diminished (Fig.  5A). 
Since concurrent suppression of NIK and TRAF3 partially res-
cued the proliferation defect that results from reducing TRAF3, 
we next assessed whether NIK had a role in controlling AKT 
and/or STAT3 activity. As demonstrated by immunoblot analy-
sis, NIK is required for decreasing AKT phosphorylation but is 
not involved in regulating the activation of STAT3 (Fig. 5B).

Having found that NIK is dispensable for modulating STAT3 
signaling, we focused on understanding how TRAF3 and NIK 
regulate the PI3K/AKT pathway. Stimulation of PI3K/AKT 
signaling induces PI3K to phosphorylate phosphatidylinosi-
tol (4,5)-bisphosphate (PtdIns[4,5]P

2
) to phosphatidylinositol 

(3,4,5)-triphosphate (PtdIns[3,4,5]P
3
), which serves as a dock-

ing phospholipid for AKT phosphorylation and activation.36,37 
Considering that suppressing TRAF3 leads to a decrease in AKT 
phosphorylation, we assessed whether TRAF3 regulates the phos-
phatase and tensin homolog (PTEN), a phosphatase that inhibits 

Figure 3. Excessive noncanonical NF-κB signaling does not impede cell division. (A) Karpas 299 cells were transfected with control (c) or TRAF3 (T3) 
siRNA and were lysed in RIPA at the indicated time points. Lysates were probed for TRAF3, p100/p52, and β-actin protein. (B) Karpas 299 cells, treated as 
in (A), were also stained with PI to evaluate cell cycle profiles. (C) Karpas 299 cells were transfected with control, TRAF3, TRAF3/RelA, TRAF3/RelB, RelA, or 
RelB siRNA and were lysed 48 h after treatment. Immunoblotting was performed on these lysates using antibodies to TRAF3, RelA, RelB, p100/p52, and 
β-actin. (D) Total RNA was extracted from Karpas 299 cells 48 h post-transfection with the indicated siRNAs and the expression of BIRC3 and TRAF1 was 
evaluated by qPCR. (E) Karpas 299 cells were transfected with the indicated siRNA duplexes and after staining with PI cell cycle profiles were analyzed 
by flow cytometry. *P < 0.001 compared with siControl.



©
20

14
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

1922	 Cell Cycle	 Volume 13 Issue 12

PI3K/AKT activity.38,39 Markedly, both immunoblot and qPCR 
analysis demonstrated that reducing TRAF3 leads to an increase 
in PTEN protein and expression (Fig. 5C). PTEN translocates to 
the plasma membrane, where it blocks PI3K/AKT signaling by 
dephosphorylating PtdIns(3,4,5)P

3
 back to PtdIns(4,5)P

2
.39,40 To 

examine whether TRAF3 alters the localization of PTEN, we iso-
lated cytosolic and heavy membrane proteins by fractionating cells 
with digitonin detergent.41 Visualization of PTEN protein revealed 
that decreasing TRAF3 leads to increased levels of PTEN in the 
heavy membrane fraction (Fig. 5D). Using CD30 as a marker ver-
ified that plasma membrane proteins are found in the heavy mem-
brane fraction, which suggests that suppression of TRAF3 triggers 
the translocation of PTEN to the plasma membrane. Given that 
NIK controls AKT phosphorylation, we next investigated whether 
NIK facilitates the expression and/or translocation of PTEN. 
Interestingly, both immunoblot analysis and qPCR indicated that 
NIK is not required for the increase in PTEN protein (Fig. 5E). 
However, fractionation of cells with digitonin revealed that NIK 
is critical to the translocation of PTEN (Fig.  5F). These data 
demonstrate that TRAF3 controls the proliferation of ALCL cells, 

in part, by preventing the translocation of PTEN to the plasma 
membrane through inhibition of NIK.

TRAF3 requires PTEN to modulate AKT activity and cell 
division

In light of our observation that NIK regulates the localiza-
tion of PTEN, we investigated whether PTEN functions to 
block AKT signaling and proliferation in response to reducing 
TRAF3 protein. To this end, PTEN and TRAF3 were co-sup-
pressed, and, as shown by immunoblot analysis, this prevented 
the decrease in AKT phosphorylation that is associated with sup-
pression of TRAF3 (Fig.  6A and C). Suppressing PTEN and 
TRAF3 together also led to a significantly lower percentage of 
cells arrested in G

1
, indicating that PTEN is critical to blocking 

proliferation (Fig. 6B and D). Importantly, suppression of PTEN 
rescued the arrest induced by reduction of TRAF3, similar to 
that observed for NIK suppression (Fig.  4C). Together these 
results indicate that one mechanism through which TRAF3 
drives the growth of ALCL cells is by inhibiting NIK from tar-
geting PTEN to the plasma membrane and thereby promoting 
PI3K/AKT signaling.

Figure 4. NIK is critical for inducing cell cycle arrest following TRAF3 suppression. (A) Karpas 299 cells were transfected with control, TRAF3, TRAF3/
NIK, or NIK siRNA duplexes and were lysed 48 h later. Lysates were analyzed by immunoblotting with antibodies directed to TRAF3, p100/p52, NIK, and 
β-actin proteins. (B) Total RNA was isolated from Karpas 299 cells 48 h post-transfection with the indicated siRNA duplexes and used to generate cDNA. 
The expression of Map3K14 (NIK), BIRC3, and TRAF1 was then examined by qPCR. (C) PI staining and flow cytometry was conducted to assess the cell 
cycle profile of Karpas 299 and Michel cells transfected with the indicated siRNA duplexes. (D) Growth analysis was performed on Karpas 299 and Michel 
cells transfected with the indicated siRNA duplexes by placing cells at a concentration of 170 000 cells/mL (Karpas 299) or 250 000 cells/mL (Michel) and 
counting them at 24 h intervals. *P < 0.001 compared with siControl; **P < 0.001 compared with siTRAF3.
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Discussion

Ablation of Traf3 in normal murine T cells has negative 
effects on function. Therefore, we predicted that reducing 
TRAF3 protein in malignant T cells would adversely affect cell 
growth. By suppressing TRAF3 in a panel of T cell cancer lines, 
we observed that ALCL cells require TRAF3 for continued pro-
liferation (Fig. 1A). Albeit somewhat surprising that the other 
cancerous T cells did not exhibit a block in cell division, it is not 
completely unexpected, since the function of TRAF3 is context-
specific.17,22 Consistent with Traf3−/− T cells, reducing TRAF3 
protein in the different malignant T cell lines leads to aberrant 
noncanonical NF-κB signaling (Fig. 2B and D). Interestingly, 
we observed that, unlike TNFR activation of the noncanonical 
NF-κB pathway, lowering TRAF3 protein leads to an increase 
in NIK transcription (Fig. 4B). We speculate that this is a con-
sequence of signal duration, where TNFRs transiently activate 
the noncanonical NF-κB pathway, and suppressing TRAF3 
induces chronic stimulation. Nonetheless, we find that suppres-
sion of TRAF3 in ALCL cells elicits the greatest increase in non-
canonical NF-κB signaling. Based on this result, we surmised 
that excessive noncanonical NF-κB activity triggers the arrest 
of ALCL cells in response to suppression of TRAF3. However, 
preventing noncanonical NF-κB signaling in cells with reduced 
TRAF3 protein failed to rescue the cell cycle arrest, indicating 
that TRAF3 controls proliferation independent of the nonca-
nonical NF-κB pathway. Other NF-κB-independent roles have 
been identified for TRAF3, including functioning as a scaf-
folding protein during T cell receptor signaling and as an E3 
ubiquitin ligase for regulating NFAT activity.22,42 Thus, together 
with the previous observations, our findings expand the role of 
TRAF3 in integrating a multitude of signals to modulate spe-
cific cellular activities.

As an inhibitor of noncanonical NF-κB signaling, TRAF3 
prevents pathway activation by continuously targeting NIK for 

degradation. Consequently, we detect increased levels of NIK 
protein after suppression of TRAF3 (Fig. 4A). Despite the fact 
that noncanonical NF-κB activity is not involved in the arrest 
induced by suppression of TRAF3, NIK has been shown to block 
the proliferation of regulatory T (Treg) cells.43 Interestingly, 
ALCL cells are known to exhibit a Treg-like phenotype that results 
from expression of nucleophosmin–anaplastic lymphoma kinase, 
an oncogenic fusion protein found in the majority of ALCL can-
cers.44-46 We therefore examined the role of NIK in inhibiting cell 
division after suppression of TRAF3, and determined that NIK 
is critical to halting cell cycle progression. Notably, lowering NIK 
levels together with TRAF3 did not completely rescue the prolif-
eration defect, implying that TRAF3 also controls cell division in 
a NIK-independent manner.

 In an effort to obtain candidate pathway(s) that are governed 
by TRAF3, we inhibited different kinase activated pathways in 
ALCL cells and compared the effects on proliferation to those 
induced by suppressing TRAF3. Of the various pathways exam-
ined we found that blocking PI3K/AKT and JAK/STAT activ-
ity led to a G

1
 arrest, while inhibition of JNK signaling resulted 

in a G
2
/M arrest. Importantly, the JNK pathway has previously 

been reported to be required for G
2
/M to G

1
 transition in ALCL 

cells and serves to demonstrate the specificity of PI3K/AKT and 
JAK/STAT activity in controlling G

1
 to S transition.47 Given that 

suppressing TRAF3 also triggers a G
1
 arrest, we assessed the role 

of TRAF3 in modulating PI3K/AKT and JAK/STAT signal-
ing, and found that TRAF3 positively regulates both pathways. 
Intriguingly, the maintenance of normal T cells also depends on 
the PI3K/AKT and JAK/STAT pathways, which proposes that 
reliance on certain growth signals by specific cells continues 
after transformation.48-50 Together with our finding that TRAF3 
promotes PI3K/AKT and JAK/STAT signaling, this hypothesis 
may explain the apparent lack of TRAF3 mutations in human 
T cell cancers. Though additional investigation is required to 
determine whether TRAF3 controls PI3K/AKT and JAK/STAT 

Table 1. The PI3K/AKT and JAK/STAT pathways are vital to the proliferation of ALCL cells

Karpas 299 Michel SUDHL-1

Kinase Inhibitor G1 S G2/M G1 S G2/M G1 S G2/M

DMSO 33.8 ± 6.3 50.6 ± 7.4 12.4 ± 1.8 28.9 ± 5.9 54.1 ± 5.0 14.0 ± 3.0 26.3 ± 4.0 52.5 ± 2.1 19.4 ± 3.7

PI3K (LY290042) 74.1 ± 1.9* 13.5 ± 1.2 7.3 ± 1.3 63.1 ± 5.8* 20.1 ± 2.3 11.6 ± 2.8 45.0 ± 5.2* 33.4 ± 2.3 17.9 ± 2.3

PI3K (Wortmannin) 51.2 ± 8.2* 40.2 ± 8.4 5.2 ± 0.43 53.4 ± 8.7* 34.7 ± 6.4 7.5 ± 1.7 48.6 ± 1.6* 34.3 ± 0.65 14.3 ± 1.0

mTOR (Rapamycin) 64.5 ± 5.1* 24.7 ± 4.4 6.9 ± 1.0 55.7 ± 7.0* 30.2 ± 3.7 9.8 ± 2.6 37.4 ± 1.2* 44.7 ± 1.6 15.4 ± 1.9

JAK (WHI-P131) 67.2 ± 5.0* 24.9 ± 4.5 5.3 ± 0.7 60.4 ± 14.1* 30.6 ± 10.1 6.2 ± 2.9 46.3 ± 2.9* 40.4 ± 2.0 9.6 ± 1.4

JNK (JNK II) 52.1 ± 1.7 27.3 ± 8.4 16.3 ± 7.5 21.5 ± 4.4 35.1 ± 5.8 37.1 ± 6.5 3.9 ± 1.8 16.7 ± 1.0 68.9 ± 2.7

JNK (SP600125) 51.9 ± 3.5 29.5 ± 5.7 14.2 ± 5.1 24.9 ± 2.2 36.1 ± 6.0 32.9 ± 5.4 4.0 ± 2.0 16.4 ± 1.2 71.6 ± 2.3

ERK (PD98059) 35 ± 3.3 52.2 ± 4.5 9.5 ± 1.1 28.4 ± 5.7 54.1 ± 5.4 13.7 ± 1.0 26.7 ± 0.87 51.5 ± 1.4 18.9 ± 4.3

p38 (SB203580) 28.3 ± 5.0 54.5 ± 8.0 12.9 ± 3.2 24.0 ± 6.4 61.4 ± 6.4 10.4 ± 0.9 21.7 ± 1.8 61.1 ± 1.1 14.0 ± 1.2

Karpas 299, Michel, and SUDHL-1 cells were treated with the indicated kinase inhibitor and 24 h later were stained with propidium iodide to visualize cell 
cycle profiles. *P < 0.001.
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signaling in normal T cells, our results may also offer insight into 
the physiological role of TRAF3.

Knowing that NIK is important to triggering cell cycle arrest 
in response to suppression of TRAF3, we investigated whether 
NIK controls PI3K/AKT and/or JAK/STAT signaling. Lowering 
TRAF3 and NIK levels together showed that, although NIK is 
dispensable for modulation of the JAK/STAT pathway, NIK is 
required to inhibit PI3K/AKT signaling (Fig. 5B). PTEN is an 
inhibitor of PI3K/AKT activity, and further investigation dem-
onstrated that NIK blocks PI3K/AKT signaling by targeting 

PTEN to the plasma membrane. While the manner by which 
NIK controls PTEN localization remains unclear, it is known 
that phosphorylation has a critical role in regulating the translo-
cation of PTEN. NIK is a kinase, and it may be that the accumu-
lation of NIK that occurs after reducing TRAF3 protein alters 
PTEN localization through a mechanism that involves phos-
phorylation. In any case, our results offer further support to the 
notion that in some circumstances NIK prevents proliferation.43

Interestingly, TRAF3 does not require NIK to inhibit the JAK/
STAT pathway, which is presumed to account for the percentage 

Figure 5. TRAF3 controls PI3K/AKT signaling in a NIK dependent mechanism. (A) Immunoblot analysis of lysate obtained from Karpas 299 and Michel 
cells transfected with control (c) or TRAF3 (T3) siRNA for 24 h. Protein specific antibodies to TRAF3, AKT-p (S473), total AKT, STAT3-p (Y705), and total 
STAT3 were used for immunoblotting. (B) Karpas 299 and Michel cells were transfected with control, TRAF3, TRAF3/NIK, or NIK siRNA duplexes for 24 h. 
Cells were then lysed in RIPA lysate and probed with antibodies against TRAF3, p100/p52, AKT-p (S473), STAT3-p (Y705), and β-actin. (C) RIPA lysate was 
collected from Karpas 299 and Michel cells 48 h after transfection with control (c) or TRAF3 (T3) siRNA duplexes and probed with antibodies directed 
to TRAF3, PTEN, and β-actin. Total RNA was also isolated from these cells and the expression of PTEN was evaluated by qPCR. (D) Digitonin was used 
to fractionate Karpas 299 cells 36 h after transfection with control or TRAF3 siRNA. Fractions were then immunoblotted using PTEN, TRAF3, CD30, and 
α-tubulin antibodies. (E) The indicated siRNA duplexes were used to transfect Karpas 299 cells and cells were lysed 48 h after treatment. Antibodies 
against PTEN, TRAF3, p100/p52, NIK, and β-actin were used to probe lysates. These cells were also examined for PTEN expression by performing qPCR. 
(F) Karpas 299 and Michel cells were transfected with the indicated siRNA duplexes and 36 h (Karpas 299) or 48 h (Michel) later cells were fractionated 
with digitonin to isolate cytosolic and heavy membrane proteins. These fractions were probed with PTEN, TRAF3, CD30, and α-tubulin antibodies.
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of cells that remain arrested after co-suppression of TRAF3 
and NIK. Our current data demonstrate that TRAF3 controls 
JAK/STAT activity by regulating the levels of total STAT3 pro-
tein (Fig. 5A). However, it remains unknown whether TRAF3 
modulates STAT3 transcription, or whether TRAF3 alters the 
degradation of STAT3 protein. TRAF3 contains E3 ubiquitin 
ligase activity, and while our results are inconsistent with TRAF3 
controlling the stability of STAT3 protein directly, TRAF3 may 
control the half-life of a negative regulator of STAT3. Research 
is ongoing to characterize the manner by which TRAF3 regu-
lates STAT3 protein, which is important for a more complete 
comprehension of the mechanisms that TRAF3 utilizes to drive 
the growth of malignant T cells. This future work notwithstand-
ing, our results demonstrate that TRAF3 is crucial to maintain-
ing PI3K/AKT and JAK/STAT activity and, thus, essential for 
the proliferation of ALCL cells (Fig. 6E). In addition, our data 
implicate NIK as a novel regulator of PTEN localization and 
PI3K/AKT signaling. Notably, these unexpected functions for 
TRAF3 and NIK are separate from their known roles in control-
ling the noncanonical NF-κB pathway, and suggest that TRAF3 
may be a target for anticancer therapies to certain types of T cell 
malignancies.

Material and Methods

Cell culture and Reagents
Karpas 299, Michel, SUDHL-1, Peer, Molt-

13, and L540 cell lines were cultured in RPMI-
1640 medium (Corning) containing 10% fetal 
bovine serum (Atlas Biologicals, Inc) and 2 mM 
Glutamax (Life Technologies) at 37 °C and 5% 
CO

2
.

Antibodies and immunoblotting
Lysates from cells were prepared by incubat-

ing cells on ice in radioimmune precipitation 
assay (RIPA) buffer (PBS containing 1% Nonidet 
P-40, 0.5% [w/v] deoxycholic acid, 0.1% SDS, 
1 mM PMSF, and 1 mM DTT) supplemented 
with complete mini protease inhibitor tab-
lets (Roche Diagnostics). Protein samples were 
resolved on denaturing polyacrylamide gels, 
transferred to nitrocellulose (Whatman), and 
blocked with 5% powdered milk (w/v) in TBS 
containing 0.1% Tween 20. The membranes 
were incubated with the specified antibodies, 
washed, and incubated with horseradish per-
oxidase-conjugated secondary antibodies (GE 
Healthcare). Peroxidase activity was detected by 
the enhanced chemiluminescence western blot 
analysis system (GE Healthcare). Antibodies 
used: TRAF3, RelB, RelA, and α-tubulin (Santa 
Cruz Biotechnologies); PTEN, NIK, AKT, 
AKT-p, STAT3, and STAT3-p (Cell Signaling 
Technology); CD30 (BD PharMingen); p100/
p52 (Millipore); IκBα (Upstate Biotechnology); 
β-actin (Sigma-Aldrich).

RNA interference
Cells were electroporated as previously described, with either 

2 μM or 5 μM of target siRNA duplexes.13 Double RNAi experi-
ments were performed by transfecting both targets simultaneously, 
except PTEN and TRAF3 co-suppression in Karpas 299 cells. 
For this double RNAi, RNA duplexes for PTEN were transfected 
first, and then 24 h later, cells were re-transfected with TRAF3 
RNA duplexes. In all double RNAi experiments, the single RNAi 
samples were normalized with control siRNA. Twenty hours 
post-transfection cells were transferred to RPMI-1640 medium 
containing 10% fetal bovine serum and 2 mM Glutamax at 
0.5 × 106/ mL for various times. Control, TRAF3, RelB, RelA, and 
PTEN siRNA duplexes were obtained from Sigma-Aldrich. The 
NIK siRNA duplex was purchased from Life Technologies. Target 
sequences: control (5′-CATGCCTTGC TTTACGCAT-3′), 
TRAF3 (5′-GCCACATGCA GCCACTGCA-3′), 
TRAF3.1 (5′-AGAGTCAGGT TCCGATGAT-3′), 
TRAF3.2 (5′-GTCATCATGC GTGGAGAAT-3′), 
RelB (5′-GACTGCACCG ACGGCATCT-3′), 
RelA (5′-GCCCTATCCC TTTACGTC-3′), NIK 
(5′-GCCAGTCCGA GAGTCTTGAT CAGAT-3′), and PTEN 
(5′-AUGCACAUAU CAUUACACC-3′).

Figure 6. TRAF3 requires PTEN to modulate AKT activity and cell division. (A) Immunoblot 
analysis of lysate from Karpas 299 cells, 24 h after transfection with control, TRAF3, 
TRAF3/PTEN, or PTEN siRNAs. Lysates were probed with antibodies directed to TRAF3, 
AKT-p (S473), PTEN, and β-actin. (B) Flow cytometry was performed on PI-stained Karpas 
299 cells transfected with the indicated siRNA duplexes to analyze the cell cycle profile. 
(C) Immunoblot analysis of lysates from Michel cells transfected with the indicated siRNAs. 
Antibodies against TRAF3, AKT-p (S473), PTEN, and β-actin were used to probe the lysates. 
(D) Michel cells transfected with the indicated siRNA duplexes were stained with PI and 
analyzed by flow cytometry to ascertain cell cycle profiles. (E) Model depicting the mecha-
nism by which TRAF3 regulates ALCL proliferation. *P < 0.001 compared with siControl; 
**P < 0.001 compared with siTRAF3.
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Cell cycle analysis
After 48 h of siRNA treatment the indicated cells were har-

vested and washed with PBS. Next, 1 × 106 cells were fixed in 
1 mL of 50% ethanol in PBS for 1 h at −20 °C. The 50% etha-
nol was then removed, and cells were placed in PBS containing 
50 μg/mL propidium iodide (PI) and 100 μg/mL RNase A. 
Flow cytometry was then performed using the Beckman Coulter 
Cytomics FC500, and data analysis was performed using FlowJo 
(Tree Star Inc). Cell cycle analysis of cells treated with chemi-
cal kinase inhibitors was performed as described above, except 
cells were treated with the following inhibitors for 24 h: 5 nM 
Wortmannin, 25 μM LY294002, 50 μM SB203580, 20 μM 
PD98059, 25 μM SP600125, 25 μM JNK inhibitor II, 50 nM 
Rapamycin, or 20 μM WHI-P131.

Cell growth analysis
Karpas 299 or Michel cells were electroporated with control, 

TRAF3, TRAF3/NIK, and NIK siRNA duplexes as described 
above. Twenty-four hours after treatment, cells were placed at 
170 000 cells/mL (Karpas 299) or 250 000 cells/mL (Michel) per 
well in 6-well plates. Cells were then counted at 24-h intervals 
for a total of 72 h using a Z2 Beckman Coulter Particle Count 
and Size analyzer.

Digitonin fractionation
At 36 h (Karpas 299) or 48 h (Michel) after electroporation, 

7  × 106 cells were harvested by centrifugation at 300 × g for 
5 min. Cells were then washed twice with PBS. After the final 
wash, cells were resuspended in 200 μL of Digitonin lysis buffer 
(200 μg/mL digitonin, 250 mM Sucrose, 1 mM EDTA, 1.5 mM 
MgCl

2
, 10 mM KCl, and 20 mM HEPES). Cells were then incu-

bated on ice for 5 min and centrifuged at 10 000 × g for 10 min 
at 4 °C. The supernatant was saved as cytosolic proteins, and the 
pellet was lysed in 120 μL RIPA buffer as described above. After 
centrifugation at 14 000 × g for 20 min at 4 °C, the supernatant 
was kept as heavy membrane proteins.

Quantitative PCR
Cells were harvested and washed with PBS followed by 

total RNA isolation using the PureLink RNA mini kit (Life 

Technologies) according to the manufacturer’s instructions. One 
hundred nanograms of total RNA was subjected to a reverse tran-
scription reaction using random hexamer primers and TaqMan 
MultiScribe Reverse Transcriptase (Applied Biosystems). The 
resulting cDNA was analyzed with the indicated TaqMan probe 
using the Bio-Rad CFX96 real-time system C100 thermal cycler. 
Each target assay was normalized to glyceraldehyde-3-phosphate 
dehydrogenase levels and performed in triplicate.

Statistical analysis
All experiments were performed at least 3 times in trip-

licate, and the data are graphed as mean ± s.e.m. Quantitative 
PCR experiments are shown as one representative experiment. 
Comparisons between 2 groups were performed using Student 
t test. For non-normal data, or data with significantly different 
variances, the non-parametric Mann–Whitney Ranks Sum test 
was used. Comparisons between 3 or more groups were analyzed 
by one-way ANOVA followed by Tukey post-hoc analysis. Non-
parametric groups of 3 or more were analyzed with Kruskal–
Wallis ANOVA on Ranks followed by Tukey post-hoc analysis. 
All statistical analyses were performed using SigmaPlot 11 (Systat 
Software, Inc). Results were considered significant when P value 
<0.05.
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