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Abstract

Mitofusin 2 (Mfn2), a mitochondrial protein, has been shown to have anti-proliferative properties
when overexpressed. In this report we have shown that activation of resting human peripheral
blood T cells caused downregulation of Mfn2 levels. This downregulation of Mfn2 was blocked
by different inhibitors (mTOR inhibitor Rapamycin, PI3K inhibitor LY294002, and Akt inhibitor
A443654), producing cells that were arrested in the GO/G1 stage of the cell cycle. Furthermore,
the activation-induced downregulation of Mfn2 preceded the entry of the cells into the cell cycle,
suggesting that Mfn2 downregulation is a prerequisite for activated T cells’ entry into the cell
cycle. Accordingly, siRNA-mediated knockdown of Mfn2 resulted in increased T cell
proliferation. Over-expression of constitutively active AKT resulted in the downregulation of
Mfn2, which can be blocked by a proteasome inhibitor. Akt-mediated downregulation of Mfn2
was via the mTORC1 pathway since (i) this downregulation was blocked by rapamycin, and (ii)
over-expression of wild type, but not kinase-dead mTOR, caused Mfn2 downregulation. Our data
suggested that activation-induced reactive oxygen species (ROS) production plays an important
role in downregulation of Mfn2. Collectively, our data suggest that the PI3K-AKT-mTOR
pathway plays an important role in activation-induced downregulation of Mfn2 and subsequent
proliferation of resting human T cells.

Introduction

Protein degradation regulates a number of cellular processes (1), including cell proliferation.
Dysregulation of this process may lead to the development of hyperplasia-related diseases
and cancers. Mitofusin2 is a protein that localizes to the mitochondrial outer membrane and
has an essential role in mitochondrial fusion, thus regulating mitochondrial morphology and
function in mammalian cells, yeast and flies (2, 3). Dysfunction of this gene is associated
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with a variety of pathological conditions including Charcot—-Marie-Tooth (CMT) disease
type 2A, atherosclerosis and hypertension (4-8). Our previous studies using an
overexpression system mediated by adenoviral infection in vascular smooth muscle cells
(VSMC) and various cancer cell lines demonstrated that Mfn2 plays a major role in
controlling cell proliferation and induces apoptosis both in vitro and in vivo via the Ras-Raf-
ERK1/2 and PI3K-Akt signaling pathways, respectively (9, 10). These data led us to
hypothesize that destabilization of this protein may lead to hyperproliferation of cells. In
accordance with this hypothesis, we have observed a significant rise in cell proliferation in
mouse embryonic fibroblast (MEF) cells from Mfn2 knockout mice as compared to MEFs
from wild type mice. This proliferative advantage was reversed upon reintroduction of the
Mfn2 gene (11). In this report, we have shown that in human peripheral blood T cells,
activation-induced downregulation of endogenous Mfn2 preceded the entry of the cells into
the cell cycle. Blocking the downregulation of Mfn2 with pharmacological agents resulted in
the failure of cells to enter the cell cycle and inhibition of proliferation. Here we explore the
mechanism underlying the activation-induced downregulation of Mfn2 protein. Collectively,
our observations suggested that the PI3K-AKT-mTOR pathway plays an important role in
the activation-induced proteosomal degradation of Mfn2 protein.

Material and Methods

Cells and tissue cultures

Peripheral blood mononuclear cells (PBMC) were collected from healthy donors who
provided written informed consent. The collection of blood from normal donors is part of a
protocol (03-AG-N316) approved by the IRB of the National Institute on Aging. PBMC
were isolated by Ficoll-Hypaque density gradient centrifugation. Total resting T cells were
purified from PBMC with the Human T-cell Enrichment Column Kit (R&D Systems). Cells
were cultured in RPMI 1640 supplemented with 10% fetal bovine serum (FBS, Gibco Life
Technologies, Rockville, MD), 100 U/ml penicillin, 100 pg/ml streptomycin, and 2 mM
glutamine. T cells activated with plastic bound anti-CD3 (200 ng/ml) plus anti-CD28
antibodies (1 pg/ml) were treated with or without different inhibitors for 48 hours. HEK
293A cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing 10%
FBS, 100 U/ml penicillin, 100 pg/ml streptomycin, and 2 mM glutamine and passaged every
3 days.

Reagents and antibodies

Unless otherwise indicated, all chemicals were purchased from Sigma-Aldrich. The anti-
Mfn2 (M-6444) polyclonal and monoclonal antibodies were purchased from Sigma-Aldrich
(Saint Louis, MO) and Abcam (Cambridge, MA), respectively. Anti-mTOR antibody was
from Santa Cruz Biotechnology (Santa Cruz, CA). A-443654 was from Abbott Laboratories
(Abbott Park, Illinois), LY294002 was from Cell Signaling (Beverly, MA), rapamycin from
Calbiochem (San Diego, CA), PI/RNase Staining Buffer was from BD Biosciences (San
Diego, CA). The anti-Flag monoclonal antibody M2 was from Sigma-Aldrich. Anti-
Mouse/Rat Ki-67 eFluor450 was purchased from eBioscience (San Diego, CA). MitoQ was
a generous gift from Dr. Mike Murphy (MRC Mitochondrial Biology Unit, Wellcome Trust,
Cambridge, UK).
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Western blot and immunoprecipitation

Whole cell lysates were prepared as described previously (9). For Western blot analysis, 25
ug of cell lysates were analyzed on 4-12% NuPAGE gels (Invitrogen). The proteins were
electro-transferred to PVDF membrane (Invitrogen) and detection of specific proteins was
carried out with indicated antibodies and ECL-Plus Western Blotting Detection System (GE
Healthcare, Piscataway, NJ).

SiRNA Transfection

2x106 T cells were transfected using the Nepa Gene Super Electroporator NEPA21 Type I
(Bulldog Bio) in Optimem media (Life Technologies). 10 pg of either Negative Control All
Stars siRNA or Flexitube Mfn2 siRNA (Qiagen) was used per transfection in 100ul of
Optimem. 10 cuvettes were used per group, and these cells were pooled in 5 ml of complete
RPMI and incubated overnight in a 5% CO,, 37°C incubator. After 24 hours, the cells were
activated using anti-CD3/anti-CD28 antibodies (BD Biosciences) coated in a polystyrene
flask and incubated for an additional 3 days before harvesting cells for either Ki-67 staining
or Western blot analysis.

Cloning and constructs

Human Mfn24_757 was generated by PCR using the forward primer (primerl) containing
BamHiI site 5’-ATGACGGATCCTCCCTGCTCTTCTCT CGATGCAACTCTATCG-3’ and
the reverse primer (primer2) containing Xhol site 5’-
CCCCCCCTCGAGTCTGCTGGGCTG CAGGT ACTGGT-3’, Mfn21_450 was regenerated
with the primerl and the reverse primer with Xhol site5’-CCCCCCCTCGAGCATCTGG
TAATCGTCCACC AGTACA -3’, Mfn2451.757 was generated with the forward primer
containing BamHI site5’-GATGACGGATCCGACTTC CACCCTTCTCCAGTAGT
CCT-3’ and paired with primer2. All the PCR products were first digested with BamHI and
Xhol and cloned into pCMV-3Tag-1A (Agilent Technologies, CA). pUSE, WT-Akt and
CA-Akt plasmids were purchased from Upstate Biotechnology (Lake Placid, NY). The
expression vectors for S6K1 and S6K2, and the respective vectors were generous gifts from
Dr. John Blenis (Harvard Medical School, Boston, MA). The mTOR expression vectors
were generous gifts from Dr. Jie Chen (University of Illinois at Urbana-Champaign, Urbana,
IL).

Semi-quantitative RT-QPCR

Total cellular RNA was isolated using the RNeasy kit (Qiagen), and cDNA was generated
using VILO cDNA synthesis kit (Invitrogen). Semi-quantitative real-time PCR was
performed as previously described (12). The primer sequences for Mfn2 are: 5’-
CTGCTAAGGAGGTG CTCAA-3’ (forward) and 5’-
TCCTCACTTGAAAGCCTTCTGC-3’ (reverse). The sequences of primers for 18S rRNA
internal control are:5’-GTAACCC GTTGAACCCCATT-3’ (forward) and 5’-
CCATCCAATCGGTAGTAGCG-3’ (reverse).
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Cell cycle analysis

2 x 106 resting T cells were activated as described in “Cells and tissue cultures” in the
presence or absence of inhibitors for different periods of time. Cells were harvested,
resuspended in 300 pl 1X phosphate-buffered saline (PBS) and fixed in 70% ethanol. The
fixed cells were washed again with PBS twice and treated with 500 L of PI/RNase Staining
Buffer in the dark for 1 h at room temperature. The samples were analyzed by flow
cytometry using a fluorescence-activated cell sorter manufactured by BD Biosciences (San
Jose, CA).

Measurement of ROS

Results

Measurement of CD3/CD28-induced ROS was performed as described by the protocol
provided by the manufacturer (Enzo Life Science, Farmingdale, NY). Briefly, activated cells
were washed twice with cold PBS and incubated with the ROS detection reagent for 30
minutes at 37°C. The cells were washed twice with PBS and resuspended in FACS staining
buffer (3% fetal bovine serum and 0.01% sodium azide in PBS). The amount of ROS was
measured using the CANTO Il flow cytometerand analyzed with the FACS DIVA software
(BD Bioscience, San Jose, CA). Viable cells were gated and used in the analysis.

Activation-induced downregulation of Mfn2 preceded the cells’ entry into the cell cycle

To determine the status of endogenous Mfn2 level during T cell activation, the resting
human peripheral blood T cells were activated for 30 hr by plate-bound a-CD3 and a-CD28
antibodies. As shown in Figure 1A, Mfn2 expression was downregulated after 30 h of
activation compared to the resting cells. Interestingly, the expression of Mfn1, a protein
highly homologous to Mfn2 (13), was increased during activation. We have shown
previously that the downregulation of Mfn2 is associated with an increase in cellular
proliferation (11); hence, we examined whether the downregulation of Mfn2 preceded the
cells” entry into the cell cycle. Primary human T cells were activated for 24, 30 and 36 h and
cell cycle analyses were carried out along with western blot analysis to check the level of
Mfn2 expression. As shown in Figure 1B, a decrease in the Mfn2 level was observed
following 24 h of activation and continued through 36 h. The cell cycle analyses indicated
that after 24 h of activation, the cells remained in Go/G4 phase and began to enter the cell
cycle after 30 h. By 36 h of activation a significant percentage of cells had entered into the
cell cycle. The activation-induced decrease in Mfn2 level was blocked by rapamycin and
resulted in the blockage of the cells’ entry into the cell cycle. This result suggested that a
decrease in the expression of Mfn2 is a prerequisite for the entry of cells into the cell cycle.
We also analyzed the level of Mfn2 protein in proliferating cells at different time points.
Activated T cells can be expanded in culture for up to two weeks in the presence of low dose
of IL-2 (10 units/ml). Cells then slow down their proliferation and stop growing completely
around day 20. We analyzed the protein level of Mfn2 in cells collected from different
stages of proliferation. As shown in Figure 1C, the early decrease in Mfn2 level (at days 5
and 6 in two independent donors) was reversed over time and levels returned to those of
resting levels at day 16 and 17, coinciding with the time that cells slowed their rate of
proliferation. To determine if the decrease in the level of Mfn2 expression is due to a decline
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in the mRNA levels, T cells were activated by plate-bound a-CD3 and a-CD28 antibodies
for different time periods and the mMRNA expression of Mfn2 was examined using real-time
PCR. As shown in the Supplemental Figure 1, no significant difference in the expression of
Mfn2 mRNA was observed in T cells activated for different periods of time.

To test whether or not the blockage in downregulation of the Mfn2 level after rapamycin
treatment was a general consequence of inhibition of cell cycle progression, the peripheral
blood T cells were activated for 48 h by plate-bound a-CD3 and a-CD28 antibodies in the
presence or absence of different pharmacological inhibitors: rapamycin, an mTOR inhibitor;
LY294002, a PI3 kinase inhibitor (14); and A443654, an Akt inhibitor. As shown in Figure
2A, Mfn2 expression was downregulated after 48 h of activation compared to the resting
cells. Interestingly all these inhibitors not only blocked the cells at the GO/G1 phase but also
successfully blocked the downregulation of Mfn2 protein. The blockage of the activated
cells at the GO/G1 phase of the cell cycle by rapamycin was also verified by the BrdU
incorporation assay. As shown in the Supplemental Figure 2, rapamycin pretreatment
blocked the activation-induced BrdU incorporation. To further evaluate whether blocking
cell cycle progression played a role in regulating Mfn2 levels, we used agents that interfere
with cell cycle progression in different phases of the cell cycle. We noted that the S-phase
and G,/M phase blockers aphidicolin and nocodazole, respectively, failed to block the
downregulation of Mfn2, whereas they successfully blocked the cell cycle at S- and G2/M
phases, respectively (Figure 2B). If Mfn2 is a blocker to the cell cycle entry, knockdown of
Mfn2 should increase cell proliferation. To investigate this, primary T cells were transfected
with either Mfn2 specific sSiRNA or non-specific sSiRNA and the degree of proliferation was
measured by Ki-67 staining, since the status of Ki-67 antigen strictly correlates with the
proliferative status of the cells (15). As shown in Figure 2C, downregulation of Mfn2
resulted in higher T-cell proliferation. Knock down of Mfn2 in primary human T cells did
not cause any cell death as shown in the Supplemental Figure 3A. The effect of Mfn2 knock
down on T-cell proliferation was also verified by Cell Proliferation Dye (CPD) dilution
experiment. As shown in the Supplemental Figure 3B, knock down of Mfn2 resulted in the
faster proliferation of T cells. These results taken together suggested that a decrease in the
expression of Mfn2 is a prerequisite for the cell’s entry into the cell cycle; however, once the
cells pass the G1 checkpoint, cell cycle blockers acting at later stages (S and G,/M) have no
effect on Mfn2 levels.

Involvement of Akt in downregulation of Mfn2 protein

Since the inhibitors for PI3K, Akt, and mTOR successfully blocked the downregulation of
Mfn2 and all these inhibitors are known to have inhibitory effects on the PI3K-Akt-mTOR
pathway (14, 16-18), we hypothesized a possible role of the PI3K-Akt-mTOR pathway in
the downregulation of Mfn2 protein. In order to investigate the role of Akt in the
downregulation of Mfn2 protein, HEK293A cells were co-transfected with an Mfn2 plasmid
together with either vector alone (pUSE), wild type Akt (WT-AKkt), or constitutively active
Akt (CA-Akt). As shown in Figure 3A, significant decreases in the levels of both
endogenous and exogenous Mfn2 were observed in the cells transfected with CA-Akt
plasmid compared to the cells being transfected with either vector alone or WT-AKT,
indicating a possible role of Akt in the downregulation of Mfn2 protein.
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In order to investigate the possibility of the involvement of proteasomes in the Akt-mediated
degradation of Mfn2, HEK293A cells were co-transfected with an Mfn2 plasmid together
with either vector alone or CA-Akt plasmid. After 16 hr of transfection, cells were treated
with increasing doses of the proteasome inhibitor, MG132, for 8h. As shown in Figure 3B,
MG132 successfully blocked the Akt-mediated degradation of Mfn2 in a dose-dependent
manner indicating the involvement of proteasomes in the Akt-mediated degradation of Mfn2
protein. We also investigated whether proteasomes were involved in the activation-induced
downregulation of Mfn2 in primary human T cells. As shown in the Supplemental Figure 4,
MG132 successfully blocked the activation-induced downregulation of Mfn2 in a dose-
dependent manner, whereas MG132 did not have an effect on Mfn1 levels, indicating the
involvement of the proteasome in the downregulation of Mfn2.

C-terminal fragment (amino acid 451-757) of Mfn2 protein is sensitive to Akt-mediated

degradation

Next we attempted to determine the region of Mfn2 that is sensitive to Akt mediated
degradation. As shown in Figure 4A, Mfn2 protein has an N-terminal p21' signature motif,
a GTP binding domain, two coiled-coil regions, and two transmembrane domains spanning
the mitochondrial outer membrane (2, 4, 10). In order to determine which domain in Mfn2 is
sensitive to Akt-mediated degradation, we constructed two truncated Flag-tagged constructs
of Mfn2: an N-terminal construct (amino acids 1-450) that includes the p21" signature
motif, the GTP binding domain and one coiled-coil region, and a C-terminal construct
(amino acids 451-757) that includes two transmembrane domains and one coiled-coil region.
The HEK293A cells were co-transfected with either empty vector plasmid, N-terminal
fragment or C-terminal fragment plasmid together with the CA-Akt plasmid. Full-length
Mfn2 plasmid and CA-Akt plasmids were also co-transfected in HEK293A cells and used as
a positive control. As shown in Figure 4B, the N-terminal fragment of Mfn2 protein was
found to be resistant to Akt-mediated degradation whereas both the C-terminal fragment and
the full length Mfn2 protein were degraded upon CA-Akt overexpression. These results
taken together indicated that the C-terminal region of Mfn2 protein is sensitive to Akt-
mediated degradation.

Rapamycin blocked the Akt-mediated degradation of Mfn2

We were unable to demonstrate that Akt directly phosphorylates Mfn2 (data not shown).
Since our earlier results showed a significant inhibition of activation-induced
downregulation of Mfn2 by rapamycin, we hypothesized that Akt may be involved in the
activation of mTOR through the mTORC1 pathway resulting in the phosphorylation and
degradation of Mfn2. In order to investigate this possibility, HEK293A cells were
transfected with Flag-tagged Mfn2 along with either empty vector or CA-Akt in the
presence or absence of two concentrations of rapamycin. After 36 hours, whole cell lysates
were prepared and analyzed by western blot analysis. As shown in Figure 5A, rapamycin
blocked the degradation of Mfn2 in a dose-dependent manner, indicating the possible
involvement of the mTORC1 pathway in Akt-induced degradation of Mfn2. In order to
confirm the involvement of mTOR in the degradation of Mfn2, Mfn2 was overexpressed
together with either a wild type (WT-mTOR) or a kinase-dead mTOR (KD-mTOR) plasmid.
As shown in Figure 5B, cells transfected with a WT-mTOR plasmid showed a significant
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decrease in the Mfn2 level as compared to the cells transfected with either a KD-mTOR or
the empty vector control. Furthermore, mTOR-mediated degradation of Mfn2 protein was
blocked by rapamycin in a dose-dependent manner (Figure 5C).

Since ribosomal S6 kinases 1 (S6K1) and 2 (S6K2) are well-known downstream mTOR
effector molecules (19, 20), it is possible that our observed mTOR-mediated degradation of
Mfn2 occurred via either S6K1 or S6K2. To test that possibility, we co-transfected
HEK?293A cells with Mfn2 plasmid together with either empty vector plasmid, WT-S6K1,
or WT-S6K2 plasmid. As shown in Figure 5D, both S6K1 and S6K2 failed to degrade
Mfn2, thus ruling out the possible role of S6 kinases in the degradation of Mfn2 protein.
Next, we wanted to determine whether mTOR is able to phosphorylate Mfn2 directly in an
invitro kinase assay. We were unable to demonstrate the direct involvement of mTOR in the
phosphorylation of Mfn2 (data not shown). Collectively, our results indicated a possible
involvement of mTOR, but not downstream effector molecules S6K1/2, in a pathway
responsible for the degradation of Mfn2 protein.

Activation-induced mitochondrial ROS was involved in Mfn2 degradation

It has been shown recently that activated T-cell-induced reactive oxygen species (ROS) play
an important role in T-cell activation (21). To investigate whether ROS is involved in the
activation-induced degradation of Mfn2, we first determined the status of ROS production
after T-cell activation in the presence or absence of rapamycin or MitoQ, a mitochondrial
electron transport chain complex Il inhibitor. As shown in Fig. 6A, activation-induced ROS
production was sensitive to both rapamycin and MitoQ. Interestingly, both rapamycin and
MitoQ blocked activation-induced Mfn2 degradation (Fig. 6B), indicating the involvement
of mitochondrial ROS in the Mfn2 degradation process. Since mitochondrial ROS has been
shown to be involved in T-cell activation, we wanted to verify that the blockage in Mfn2
degradation by MitoQ was not due to the blockage in T-cell activation. As shown in Fig. 6B
(middle panel), activation-induced phosphorylation of ribosomal protein S6 was not affected
by MitoQ, whereas S6 phosphorylation was affected by rapamycin as expected.
Collectively, our data suggested that activation-induced Mfn2 degradation involved ROS-
mediated activation of some kinase(s) followed by Mfn2 phosphorylation and the
subsequent degradation via proteasome.

Discussion

We have shown previously that balloon denudation induces medial vascular smooth muscle
cell (VSMC) proliferation and downregulation of Mfn2 expression in these cells (9),
suggesting that Mfn2 expression is inversely related to the proliferative status of cells. Also,
we have shown recently that the overexpression of Mfn2 caused inhibition of cellular
proliferation (11). To investigate the functional linkage between Mfn2 and growth
regulation, in the present study, we have demonstrated that the activation-induced
downregulation of Mfn2 in human peripheral blood T cells preceded the cells’ entry into the
cell cycle, and the blockage of this Mfn2 degradation by several pharmacological inhibitors
resulted in preventing the cells’ entry into the cell cycle. Interestingly, late stage cell cycle
blockers (aphidicolin for S phase, and nocodazole for G2/M) did not affect the Mfn2
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degradation. Moreover, knockdown of Mfn2 by siRNA resulted in increased T-cell
proliferation. Collectively, these data suggested: (i) the activation-induced Mfn2 degradation
is a prerequisite for resting peripheral blood T cells’ entry into the cell cycle, and (ii) the
activation-induced downregulation of Mfn2 cannot be reversed once cells enter into the cell
cycle. The activation-induced upregulation of Mfn1 levels (Fig. 1A) is an interesting
finding, but this phenomenon is not associated with the Mfn2-mediated blockage of T cell
proliferation for the following reasons: first, sSiRNA knockdown of Mfn2 does not affect the
activation-induced upregulation of Mfn1 levels (data not shown), while this knockdown
increases T cell proliferation; and second, rapamycin pretreatment blocks the activation-
induced Mfn2 downregulation and blocks T cell proliferation (Fig. 1B), while rapamycin
pretreatment does not affect the activation-induced upregulation of Mfn1 (data not shown).
We are currently investigating the role of Mfn1 in T cell activation.

The pharmacological inhibitors used in our studies to block Mfn2 degradation are the
blockers of the PI3K-Akt-mTOR pathway (14, 16-18), and as it is shown in Figure 3, the
overexpression of the myristoylated form of Akt (CA-Akt) in HEK293A cells mimicked the
activation-induced degradation of Mfn2 in primary human T cells. These data suggested that
either mTORC1 or mTORC?2 was involved in Mfn2 degradation. Based on the following
observations, we concluded that the mTORC1, but not the mTORC2, pathway is involved in
the activation-induced Mfn2 degradation: first, we were unable to demonstrate that Mfn2
was a direct substrate of Akt in an in vitro kinase assay; second, CA-Akt-mediated
degradation of Mfn2 was blocked by rapamycin; and third, over-expression of wild type
mMTOR, but not kinase-dead mTOR, resulted in Mfn2 degradation.

It has been reported that stress-induced phosphorylation of Mfn2 by JNK resulted in the
proteasomal degradation of Mfn2 (22). The phosphorylation site identified in this study was
Serine 27. With regards to the mechanism of degradation, our study differs from this study
in the following ways: first, the stress-induced degradation of Mfn2 is faster as compared to
the activation-induced degradation (6 hours versus 24 hours); and second, whereas the N-
terminal portion of Mfn2 (Serine 27) was responsible for degradation under stress
conditions, the C-terminal fragment of Mfn2 (amino acids 451-757) was sensitive to the
activation-induced degradation. The slow kinetics of Mfn2 degradation in human peripheral
blood T cells is in agreement with the slower, orderly progression of T cells through the cell
cycle. Each phase of the cell cycle requires timely expression of cyclins and cyclin-
dependent kinases (CDKSs), which form active holoenzymes to carry out phosphorylation of
the relevant substrates, such as the retinoblastoma (Rb) gene product (23, 24).
Hyperphosphorylation of Rb affects its interaction with the E2F family transcription factors,
resulting in the expression of S-phase genes (25-27). The status of active CDKSs is also
dependent on the specific CDK inhibitors, e.g., p27KiP1 (23). An important role of the co-
stimulation via the CD28 co-receptor during T-cell activation is to down regulate p27XiP1 by
proteasomal degradation (28). It has been shown that mitogen activated protein kinase
(MAPK) plays an important role in proteasome-mediated degradation of p27kiP1(29, 30).
Interestingly, we have shown recently that Mfn2 exerts its antiproliferative effects by acting
as a Ras effector molecule, resulting in the inhibition of the Ras-Raf-ERK signaling pathway
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(11). Thus, here we confirm the prediction that the activation-induced Mfn2 degradation is a
pre-requisite for the T cells’ entry into the cell cycle.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Activation-induced down regulation of Mfn2 preceded the cells’ entry into the cell cycle.

(A) Primary human T-cells treated with or without a-CD3/a-CD28 antibodies for 30 hrs.
Whole cell lysates were prepared, and an equal amount of lysates (25 ug) were analyzed by
western blot analysis. One representative experiment out of five is shown here. (B) Cell
cycle distribution and expression of Mfn2 in primary human T cells treated with o-CD3 and
a-CD28 antibodies alone or in combination with rapamycin (20 ng/ml) for 24, 30, and 36 h.
25ug of whole cell lysates were analyzed by western blot analysis. One out of three
independent experiments is shown here. (C) Early activation-induced down regulation of
Mfn2 was reversed after prolonged proliferation. Primary human T cells were activated with
or without aCD3 and aCD28 antibodies for 48 hrs. Cells were then cultured for either 5 or 6
days, or for extended periods (16 or 17 days) in the presence of IL-2. Whole cell lysates
were prepared, and an equal amount of lysates (25 pg) were analyzed by western blot
analysis.
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FIGURE 2.
Activation-induced Mfn2 downregulation is a prerequisite for activated T cells’ entry into

the cell cycle. (A) Cell cycle distribution and expression of Mfn2 in resting primary human
T cells, and T cells treated with a-CD3 and a-CD28 antibodies alone or in combination with
indicated inhibitors: rapamycin (20 ng/ml), LY294002 (25 mM), and A443654 (0.5 uM) for
48 hours. One representative experiment out of three experiments is shown here. (B) Cells
were treated a-CD3/a-CD28 alone or in combination with rapamycin (20 ng/ml),
aphidicolin (1 pM), and nocodazole (25 ng/ml) for 48 hours. 25ug of protein from the whole
cell lysates were analyzed by western blot analysis in (A) and (B). One representative
experiment out of two experiments is shown here. (C) Primary human T cells were
transfected with either scrambled siRNA (Scrambled) or Mfn2-specific sSiRNA (Mfn2) by
electroporation. After 24 hour, cells were activated by aCD3 and aCD28 for 72 hours,
stained with anti-Ki-67 antibody and analyzed by flow cytometry gated on live cell
populations. Left panel shows the Ki-67 staining of siRNA experiments from four
independent donors, and the right panel shows the effect of SiIRNA on Mfn2 levels in two
independent donors. * p<0.05, two-tailed Student’s t-test.
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AKT is involved in the downregulation of Mfn2 expression in a proteasome-sensitive
manner. (A) HEK293A cells were co-transfected with Flag-tagged Mfn2 and the indicated
Akt plasmids. After 24 hours, cell lysates were prepared, and equal amounts of whole cell
lysates (25 pg) were analyzed by western blot analysis. One representative experiment out of
two experiments is shown here. (B) HEK293A cells were co-transfected with Flag-tagged
Mfn2 and CA-Akt for 16 hrs and then treated with indicated concentrations of MG132 for
an additional 8 hours. 25 g of protein from the whole cell lysates were analyzed by western
blot analysis. One representative experiment out of two experiments is shown here.
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Schematic representation of Mfn2 protein showing different domains. (B) HEK293A cells
were co-transfected with different Flag-tagged Mfn2 fragments, N-terminal (aa 1- 450) or C-
terminal (aa 451-757), and either with vector alone (pUSE) or CA-Akt plasmid. After 24
hours, whole cell lysates were prepared, and 25 pg of lysates were analyzed by western blot
analysis. One representative experiment out of two experiments is shown here.
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FIGURE 5.
mTOR, but not p7056K1 or p7056K2 s involved in the degradation of Mfn2 protein. (A)

HEK?293A cells were co-transfected either empty vector (pUSE) or CA-Akt plasmids
together with flag-tagged Mfn2 plasmid, with or without pretreatment with 20ng/ml and
100ng/ml of rapamycin. (B) HEK293A cells were co-transfected with empty vector
(PCDNAZ3), WT-mTOR plasmid, or KD-mTOR plasmids together with flag-tagged Mfn2
plasmid. (C) HEK293A cells were co-transfected with either empty vector ()0CDNA3), WT-
mTOR plasmids together with flag-tagged Mfn2 plasmid, with or without pretreatment of
20ng/ml and 100ng/ml of rapamycin. (D) HEK293A cells were co-transfected with either
empty vector plasmids (pUSE, PRK7, or pcDNA3), WT-S6K1 plasmid or WT-S6K2
plasmid together with Flag-tagged Mfn2 plasmid. After 24 hours, whole cell lysates were
prepared and 25 pg of protein from the whole cell lysates were analyzed by western blot
analysis in (A), (B), (C) and (D). One representative experiment out of two experiments for
each panel is shown here.
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FIGURE 6.

Activation-induced ROS is involved in the downregulation of Mfn2. (A) Human peripheral
blood T cells were activated by a-CD3/a-CD28 antibodies in the presence or absence of
either rapamycin (20 ng/ml) or MitoQ (0.5 pM) for 48 hours. ROS was measured as
described in the Experimental Procedures. (B) T cells were treated as in (A), and whole cell
lysates were analyzed by western blot analysis. For panel A, average result from three
independent experiments is shown. For panel B, one representative experiment out of two
experiments is shown here.
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