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Despite the growing interest in the Fhit tumor suppressor protein,
frequently deleted in human cancers, the mechanism of its powerful
proapoptotic activity has remained elusive. We here demonstrate that
Fhit sensitizes the low-affinity Ca2� transporters of mitochondria, en-
hancing Ca2� uptake into the organelle both in intact and in permabi-
lizedcells, andpotentiatingtheeffectofapoptoticagents.Thiseffect can
be attributed to the fraction of Fhit sorted to mitochondria, as a fully
mitochondrial Fhit (a chimeric protein including a mitochondrial target-
ing sequence) retains the Ca2� signaling properties of Fhit and the
proapoptotic activity of the native protein (whereas the effects on the
cell cycle are lost). Thus, the partial sorting of Fhit to mitochondria allows
to finely tune the sensitivity of the organelle to the highly pleiomorphic
Ca2� signals, synergizing with apoptotic challenges. This concept, and
the identification of the molecular machinery, may provide ways to act
on apoptotic cell death and its derangement in cancer.

calcium signaling � mitochondria � oncosopressor � oxidative stress

The fragile histidine triad (FHIT) gene, isolated by positional cloning,
encompasses the most common human fragile site FRA3B at

3p14.2. This chromosomal region is involved in hemizygous and ho-
mozygous deletions, and indeed mutations of FHIT were demonstrated
in a large variety of human tumors (1–4). FHIT encodes a 17-kDa
protein (Fhit) that is abundantly expressed in normal human lung,
stomach, kidney, and other epithelial tissues, whereas most tumors and
tumor-derived cell lines do not express Fhit or show markedly reduced
levels of the protein (5). Fhit knock-out mice are more susceptible to
cancer development than their wild-type counterparts (6), and FHIT
gene therapy can prevent and reverse tumors in carcinogen-exposed
Fhit-deficient mice (7). However, the precise molecular mechanism
involved in the antitumor function of FHIT remains largely unclear.

Fhit is partly localized in mitochondria, and interaction with Hsp60/
Hsp10 could be important for correct refolding after import and Fhit
stability (8). This compartmentalization of Fhit could reveal a tran-
scription-independent regulation of cell fate. Indeed, mitochondria are
at the crossroad of numerous apoptotic pathways that synergize in
triggeringthemorphologicaltransitionsunderlyingthereleaseofproapo-
ptotic factors into the cytoplasm (9–11). In most cases, Ca2� acts as a
fundamental sensitizing factor, and anti-apoptotic proteins, such as
Bcl-2, have been shown to reduce ER Ca2� levels, and agonist-
dependent release and mitochondrial loading (12–14).

Different agents induce Ca2� release from the ER Ca2� store
throughtheIP3RCa2� releasechannel (15).Consequentmitochondrial
Ca2� uptake, via a yet unidentified Ca2� channel of the inner mito-
chondrial membrane (the mitochondrial Ca2� uniporter, MCU), reg-
ulates different processes: Aerobic metabolism (16), release of caspase
cofactors (17), and feedback control of neighboring ER or plasma
membrane Ca2� channels (18, 19). The ER and mitochondria are thus
crucial nodes at which intracellular Ca2� fluxes and functional out-
comes are governed (20). Their relevance to the control of cell survival
is supported by several reports showing that modulation of mitochon-
drial Ca2� accumulation (because of modification of the molecular
repertoire of the cells) modifies cellular sensitivity to Ca2�-mediated
apoptotic stimuli (12–14).

We thus investigated whether Fhit has a role in the control of Ca2�

fluxes across the mitochondrial membranes. The results demonstrated
that Fhit increases the affinity of the mitochondrial machinery for Ca2�

accumulation into the organelle, thus enhancing mitochondrial Ca2�

uptake triggered by physiological agonists and apoptotic challenges.
The increase in mitochondrial Ca2� loading, by favoring the elimination
of altered or damaged cells by apoptosis, may play a key role in the
mechanism of action of this important tumor suppressor.

Results
Subcellular Localization of Fhit and Effect on Ca2��Homeostasis. The
intracellular location (Fig. 1A) and expression level (Fig. 1B) of
endogenous and overexpressed Fhit were first verified. Immuno-
fluorescence experiments revealed a diffuse cytosolic and nuclear
staining and a stronger labeling of filamentous structures corre-
sponding to mitochondria (as confirmed by the merged image with
cotransfected mitochondrial GFP, mtGFP) (Fig. 1A). Upon over-
expression, the fraction of nuclear Fhit appears increased, com-
pared with the cytosol (compare Fig. 1AI and AII). Moreover, the
mitochondrial staining of Fhit was confirmed also after permeabi-
lization of the plasma membrane using digitonin to remove the
cytosolic pool of the protein (Fig. 1C).

Then, calcium measurements were carried out, using aequorin-based
recombinant probes (21). Fig. 1D shows the results of a typical exper-
iment. Where indicated, HeLa cells were exposed to histamine (100
�M), causing the generation of inositol 1,4,5 trisphosphate (IP3) and the
consequent releaseofCa2� fromtheER.Nodifference incellularCa2�

handling was observed between Fhit-overexpressing and control cells.
Indeed, both groups of cells showed very similar luminal ER Ca2�

concentrations at rest ([Ca2�]er) (control: 461.00 � 22.90 �M vs. Fhit:
471.50 � 25.10 �M) and comparable release kinetics upon histamine
addition. Accordingly, the transient rises of Ca2� concentration in the
cytosol ([Ca2�]c) and in the mitochondrial matrix ([Ca2�]m) elicited by
the agonist were very similar ([Ca2�]c, control 2.82 � 0.05 �M vs. Fhit
2.92 � 0.08 �M; [Ca2�]m, control 82.20 � 4.70 �M vs. Fhit 85.70 � 3.79
�M). The situation changed at a lower agonist dose (10 �M histamine).
The aequorin probes showed very similar release kinetics from the ER,
slower than with 100 �M histamine (control 3.21 � 0.40 �M/s vs. Fhit
3.32 � 0.29 �M/s), and superimposable [Ca2�]c peaks (control 2.67 �
0.08 �M; Fhit 2.66 � 0.08 �M) (Fig. 1E). Conversely, in Fhit-
overexpressing cells, the [Ca2�]m increase was approximately 30%
greater (control 13.01 � 0.75 �M vs. Fhit 16.74 � 1.44 �M) (Fig. 1E).
This effect was not cell type-specific, as the same results were obtained
in A549 cells (Fig. S1A), nor could it be related to overexpressed
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protein, as shRNA silencing of endogenous Fhit in HeLa cells caused
the expected opposite effect (control 13.23 � 1.92 �M vs. shRNA Fhit
10.93 � 1.79 �M) (Fig. S1B).

Assessment of Mitochondrial Ca2�-Uptake Capacity in Permeabilized
and Intact Cells. We then investigated the possible mechanism of the
increased uptake at submaximal agonist stimulation. Rapid uptake into
mitochondriadependsonclose interactionswith theER(22,23),aswell
as on the state of fusion/fission of the organelle network (24). 3D
reconstruction of mtGFP-labeled of mitochondria showed no differ-
ence in distribution and shape between Fhit-overexpressing and control
cells (Fig. S2A). As to the driving force for Ca2� accumulation, loading
of the potential-sensitive tetramethyl rhodamine methyl ester (TMRM)
dye revealed no difference in the transmembrane potential (��) (Fig.
S2B). We thus concluded that the explanation of our results most likely
resided in the increased affinity of the molecularly undefined trans-
porter (the mitochondrial Ca2� uniporter, MCU). We explored this
possibility by measuring mitochondrial Ca2� uptake in permeabilized
cells and by visualizing the hotspots of rapid mitochondrial uptake in
intact cells. In the former case, transfected HeLa cells were perfused
with a solution mimicking the intracellular milieu (IB), supplemented
with 2 mM EGTA, and permeabilized with 20 �M digitonin for 1 min.

Then, the perfusion buffer was changed to IB with an EGTA-buffered
[Ca2�]of1�M,elicitingagradual rise in [Ca2�]m that reachedaplateau
value of approximately 30 �M (Fig. 2A). In Fhit-overexpressing HeLa
cells, the [Ca2�] increase was larger and faster than in controls (Vm,
mean of first 15 s, control: 0.53 � 0.01 �M/s vs. Fhit: 0.79 � 0.01 �M/s)
and reached an approximately 20% higher plateau.

A coherent picture emerged from single-cell imaging experi-
ments in HeLa cells with a GFP-based mitochondrial probe, 2
mtRP (25). Time-lapse series of high resolution images were
acquired at 5–10 frame/s and visualized as 2D image series of the
whole mitochondrial network. These data allowed calculation of the
number of localized [Ca2�]m increases (hotspots), visualized in a
pseudocolor scale, and evaluation of their diffusion across mito-
chondria. After application of 10 �M histamine, mitochondrial
Ca2� uptake initiated at preferential points of the mitochondrial
network and the [Ca2�] increase traveled along the mitochondrial
profiles, saturating the relatively high-affinity probe. In Fhit-
overexpressing cells, the number of hotspots was markedly greater
than in controls (Fig. 2B). This heterogeneity, and the increased
number of hotspots in Fhit-overexpressing cells, was quantified by
calculating the standard deviation of the relative fluorescence
changes over individual mitochondrial objects (control 10.55 � 0.95
versus Fhit 16.06 � 1.45, P � 0.01; Fig. 2C).

Fig. 1. Subcellular localization of Fhit and effect on
Ca2��homeostasis. (A) Immunofluorescence labeling of
Fhit (Left), mtGFP visualization (Middle), and merged
image (Right) in HeLa cells. (I) Control, (II) Fhit-overex-
pressingcells. (B)WesternblottingofFhitand� tubulinas
reference. Arrowheads denote the position of endoge-
nous (lower) and His-6-tagged (higher) Fhit bands in
mock-transfected (Mock) and Fhit-overexpressing (Fhit)
HeLa cells. The level of overexpression is typical of the
resultsobtained inallof theexperimentsof thispaper. (C)
Immunofluorescence labelingofoverexpressedFhitafter
plasma membrane permeabilization with digitonin. (D
and E) [Ca2�] measurement in the ER (Left), cytosol (Mid-
dle), and mitochondria (Right) in controls (gray line) and
Fhit-overexpressing cells upon 100 �M (D) and 10 �M (E)
histamine. These and the following figures are represen-
tative of �10 experiments, giving similar results.
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Based on previous observations that stimulations with agonists
evoking mitochondrial Ca2� signals cause parallel increases in
intracellular ATP (26), we also measured mitochondrial ATP levels
([ATP]m) in control and Fhit-overexpressing HeLa cells. For this
purpose, the mitochondria-targeted ATP probe luciferase
(mtLUC) was cotransfected, as previously reported (26) (Fig. 2D).
Interestingly, overexpression of Fhit increases the [ATP]m rise
evoked by 10 �M histamine, thus demonstrating that (i) also at
submaximal agonist challenges the [Ca2�]m rise is decoded into a
stimulation of mitochondrial aerobic metabolism and (ii) Fhit plays
a role in the metabolic effect of mitochondrial Ca2� signals.

The [Ca2�]m Is Affected by a Mitochondrial Fhit Chimera. We then
investigated whether the mitochondrial signaling alteration is caused by
the fraction of Fhit protein localized to mitochondria. To fully sort Fhit
to mitochondria, a mitochondrial targeting sequence was appended at
its N terminus (mtFhit; Fig. 3A). Indeed, immunofluorescence exper-

iments showed only the typical filamentous structure of the mitochon-
drial network (Fig. 3A). We then carried out mitochondrial Ca2�

measurements, using the mtAEQ, erAEQ, and cytAEQ probes, co-
transfected with mtFhit (mtFhit). Upon submaximal histamine chal-
lenge (10 �M), mtFhit-overexpressing cells underwent a [Ca2�]m rise
that was markedly greater than that of controls and comparable to that
of Fhit-overexpressing cells (mtFhit 16.53 � 1.85 �M), whereas the
[Ca2�]er and [Ca2�]c values were comparable to those of control cells.
These data show that a Fhit variant with exclusive mitochondrial
localization fully retains the effect on mitochondrial Ca2� signaling of
the wild-type protein (Fig. 3B). We then labeled the ER and the
mitochondria with a GFP-based probe (erGFP) and MitoTracker-Red
to investigate organelle morphology in mtFhit-transfected and control
cells. No alteration was observed in the morphology of the 2 organelles
nor in the number and location of the contacts (Fig. S3A). Then��was
measured with TMRM, used as described in Fig. S2B. Also in this case,
no difference was observed between mtFhit-expressing and control

Fig. 2. Assessment of mitochondrial Ca2�-uptake ca-
pacity inpermeabilizedandintactcells. (A)Mitochondrial
Ca2�-uptake inpermeabilizedcells:Representative traces
(Left) and average speed (Right). Where indicated (Ca2� 1
�M) the medium was switched from IB/EGTA to IB/1 �M
[Ca2�]. Gray trace, controls; black trace, Fhit-overexpress-
ing HeLa cells. (B) Rapid imaging of the [Ca2�]m increase
elicited by 10 �M histamine, in control (mtRP/Control)
and Fhit-overexpressing (mtRP/Fhit) HeLa cells. The im-
ages in the panel show the fluorescence changes of the
mtRP probe, expressed in a pseudocolor scale (warmer
colors revealing the [Ca2�]m increases), as previously de-
scribed (24). (C) Total number of generated mitochon-
drial Ca2� hotspots, plotted through time after stimula-
tion. (D) Mitochondrial [ATP] changes in control and Fhit-
overexpressing HeLa cells. Cell luminescence was
measured as previously described (26).
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cells (Fig. S3B). We thus concluded that mtFhit does not exert dam-
aging effects on mitochondrial morphology, on the functional interac-
tion with the ER, and in the generation of the membrane potential
across the inner membrane.

The Mitochondrial Fraction of Fhit Potentiates Apoptotic Effect of
Menadione. We then investigated the functional consequences of the
signaling alteration. Various apoptotic challenges appear to use Ca2� as
a sensitizing cofactor, e.g., C2-ceramide, oxidative stress (menadione,
H2O2) or arachidonic acid (19, 27–29). These stimuli induce movement
of Ca2� from the ER to mitochondria, leading to Ca2� overload, OMM
permeabilization, and caspase-mediated cell death. To verify whether
Fhit affects Ca2� homeostasis and cell survival in apoptotic conditions,
we investigated the effects of menadione. Treatment with menadione
caused a small, transient [Ca2�]c rise followed by a lower, sustained
plateau (Fig. 4A). As expected, this low-amplitude [Ca2�]c increase
correlated with a marginal uptake of Ca2� into mitochondria (Fig. 4B).
Interestingly, also in the case of the apoptotic challenge the [Ca2�]m, but
not the [Ca2�]c rise, was markedly greater in Fhit-overexpressing cells.
We then correlated the Ca2� data with the efficacy of the oxidizing
agent in causing cell death, by 2 approaches: the microscopic assessment
of cell survival (apoptotic counts), after coexpression of a fluorescent
marker (mtGFP), and Annexin V-based measurement of apoptosis. In
the first case, a decrease in the percentage of fluorescent cells correlates
with a proapoptotic role of the expressed protein (30). As expected,
after menadione treatment a substantial reduction in the number of
Fhit-overexpressing cells was observed (control �% 1.94 � 6.75 vs. Fhit
�36.79 � 7.25) (Fig. 4C). Similar results were obtained with other
Ca2�-mediated apoptotic challenges, such as H2O2 (Fig. S4A). Inter-
estingly, the reduction was even greater with mtFhit (�% �45.48 �
7.39). In Annexin V measurements, Fhit-overexpressing and control
cells were labeled with Alexa Fluor 488 Annexin V, sorted by flow
cytometry, and expressed as percentage of strongly fluorescent cells
(Fig. 4D). In basal conditions, higher levels of Annexin V labeling were
detected in Fhit-overexpressing HeLa cells (21.1%) compared with

controls (13%). After a 2-h treatment with menadione, the percentage
of Annexin-positive cells increased to 38.3% (16.6% of nontransfected
cells). With mtFhit, the percentage of Annexin V-positive cells was
comparable to controls in basal conditions (12%), but was greatly
measured after treatment with menadione (16.6%, 38.3%, and 52.5%
for control, Fhit, and mtFhit-transfected cells, respectively). Overall,
these data indicate that mitochondrially localized Fhit does not influ-
ence basal levels of apoptosis, but greatly sensitizes to apoptotic
challenges, in good agreement with the view of a Ca2�-mediated
intramitochondrial potentiation of apoptotic routes. Accordingly, no
potentiation by Fhit was detected when the cells were challenged with
a Ca2�-independent apoptotic stimulus, such as staurosporine (Fig.
S4B).

Finally, we investigated whether other putative functions of Fhit,
which have been proposed to cooperate in tumor suppression but are
unlikely to be ascribed to a mitochondrial effect, are also shared by
mtFhit. We focused on cell cycle control (31) and carried out FACS
sorting of cells after DNA labeling with propidium iodide (Fig. 4E).
Fhit-overexpressing cells showed an increased number of cells in the G2
phase or at the S-G2 boundary, as reported in H460 cells (32).
Conversely, mtFhit does not share this property with Fhit, as the
distribution of cells in G0/G1, S, and G2/M is very similar to that of
control cells (G0/G1: 48.4%, 35.1%, 47.1%; S: 8.2%, 9.6%, 7.9%;
G2/M: 36.8%, 42.7%, 36.4% for control, Fhit, and mtFhit-transfected
cells, respectively).

Discussion
Our previous observation that Fhit protein is localized within
mitochondria and engages protein-protein interactions with resi-
dent proteins such as ferredoxin (8) highlighted the possibility that
it could tune apoptotic signals reaching the mitochondrial check-
point. We pursued this hypothesis, focusing on Ca2� signaling,
based on a large body of experimental evidence by us and other
groups that demonstrates the importance of mitochondrial Ca2�

loading for triggering the morphological transitions of apoptosis
(10, 11, 33, 34). The results were very striking, as not only they
revealed a marked potentiation of the matrix [Ca2�] transients
elicited by physiological stimuli and apoptotic agents, but also
identified a mechanism for this effect.

Fhit is an enigmatic protein, exerting an AP3Ahydrolase activity
that is not required for its tumor suppression function (35). To date,
the exact mechanism by which Fhit exerts its antitumor activity
remains obscure. A considerable body of evidence points to the role
of Fhit in apoptosis induction and cell cycle regulation, including its
role as modulator of DNA damage checkpoint response (36), but
the molecular pathways of the apoptotic activity of Fhit remain
elusive. Our results bring this tumor suppressor to the core mech-
anism of the intrinsic pathway of apoptosis, participating in the
regulation of the critical mitochondrial steps. This effect is mediated
by the fraction of Fhit localized in mitochondria (8), whereas other
reported functions of Fhit, such as the putatively transcriptional
control of the cell cycle are unaffected by an exclusively mitochon-
drial Fhit chimera. These data thus suggest that the complex
intracellular distribution of Fhit may underlie a synergistic effect of
different protein pools (cell cycle block, induction of apoptosis) that
cooperate in repairing or eventually clearing DNA-damaged cells.

As to the mechanism itself, the data provide a radically different
picture from the numerous previous examples of pro and anti-apoptotic
proteins acting on calcium signaling. The [Ca2�]ER levels were shown
to be modulated by the Bcl-2 family members, with Bcl-2 itself reducing
the state of filling of the Ca2� store (14), and Bax and Bak counteracting
this effect (28). In turn, the partial emptying reduces mitochondrial
Ca2� loading and, hence, the efficacy of various apoptotic challenges
(17, 28). In the case of neurodegenerative signals and of the proapo-
ptotic HBx protein, mitochondrial Ca2� overload was shown to depend
on the caspase-mediated cleavage of the plasma membrane Ca2�

ATPase (PMCA) that impairs the termination mechanism of the Ca2�

signal and amplifies and extends the cytosolic Ca2� increases (37, 38).

Fig. 3. Subcellular localization and effect on Ca2� signaling of mtFhit. (A) Map
of the mtFhit cDNA and immunolocalization of the expressed protein. (B) [Ca2�]
measurement in the mitochondria, ER (control 438 � 26.90 �M vs. Fhit 411 �
35.60 �M), and cytosol (control 2.48 � 0.03 �M vs. Fhit 2.50 � 0.03 �M) in controls
(gray) and mtFhit-overexpressing cells (black) upon addition of 10 �M histamine.
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Here, we report that Fhit does not alter cytoplasmic Ca2� signals and
acts specifically on mitochondria by modifying the affinity of the MCU.
Accordingly, mitochondrial Ca2� signals are minimally affected by
supramaximal agonist stimulations, but are markedly increased at
lower, more physiological agonist concentrations.

This mechanism of action appears very effective in apoptosis for 2
reasons. The first reason is that apoptotic challenges, such as the lipid
mediator C2-ceramide (17) and oxidative stress, such as that caused by
menadione or H2O2 and used in this paper, have been shown to empty
Ca2� stores, but do so with a slow kinetics. Accordingly, mitochondrial
uptake is relatively modest, because the low affinity of the MCU
requires the generation of high [Ca2�] microdomains at the ER/
mitochondria contacts (22, 23). If, however, the affinity of the MCU is
increasedbyFhit,alsounder thoseconditionsmitochondriaaccumulate
a large Ca2� load, allowing the opening of the PTP and the induction
of cell death, as directly shown in the experiment of Fig. 4.

In addition, physiological Ca2�-mediated signals may synergize
with PTP sensitizers (e.g., ceramide or alcohol), initiating slow

waves of depolarization and Ca2� release propagating through the
cell (27). In this picture, Fhit, by sensitizing mitochondria, increases
the possibility that any stimulatory input to the cell reaches the
threshold for initiating the apoptotic Ca2� wave. The observation
of Fig. 2 that Fhit increases the number of hotspots (i.e., initial sites
of Ca2� uptake in mitochondria) strongly supports this scenario.

Finally, the identification of Fhit as a protein modulator of the
MCU can open the way to proteomic approaches for solving the
molecular enigma of mitochondrial Ca2� homeostasis. Indeed,
despite the growing interest in this process, the MCU remains
undefined at the molecular level, and all of the efforts for biochem-
ically identifying it have been frustrated by the lack of specific tools
for labeling the proteins (the best characterized inhibitor, Ruthe-
nium Red, binds unspecifically to a wide array of proteins). The
demonstration that Fhit binds, directly or indirectly, to the MCU
gives the possibility of analyzing the mitochondrial complexes in
which it is engaged, with the aim of identifying the molecular
component(s) of the MCU.

Fig. 4. The mitochondrial fraction of Fhit potentiates
apoptotic challenges. (A) [Ca2�]c and (B) [Ca2�]m increases
elicited by 1 mM menadione. (C and D) Assessment of cell
viability viaapoptotic counts (C)orAnnexinV labeling (D)
in controls, Fhit and mtFhit overexpressing cells, as indi-
cated. In panel D, the percentage of cells over a common
arbitrary level of fluorescence is indicated. (E) Distribu-
tion of HeLa cells in the cell cycle, as estimated by pro-
pidium iodide staining of DNA. The percentage of cells in
G0/G1, S, and G2 is reported in each graph.
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Overall, understanding the mechanisms through which Ca2� signals
can be shifted from regulators of cellular functions to pathological
effectors and the role of mitochondria as decisive checkpoints is an
exciting task in biomedical research and a promising opportunity for
developing drugs. The observation that Fhit is directly engaged in this
process deepens our insight into the functioning of this important tumor
suppressor and further stresses the relevance of mitochondrial Ca2�

homeostasis in cancer-related apoptosis.

Materials and Methods
Cell Culture, Ca2� Measurements, and Immunodetection. For Fhit overexpres-
sion, an His-tagged recombinant protein construct (Fhit-His-6) was used; in all of
the experiments carried out in HeLa cells, Fhit or mtFhit were overexpressed by
transient transfection. For Fhit overexpression in A549 cells and Fhit shRNA
silencing in HeLa cells, adenoviral (AdFhit: Fhit-His-6-pAdenoVator-CMV5-IRES-
GFP, AdmtGFP: mtGFP-pAdEasy) and lentiviral (shRNA Fhit: shRNAFhit-pLKO.1)
vectors were used, respectively, in association with adenoviral vectors for the
expression of the aequorin probes (AdmtAEQ: mtAEQ-pAdEasy).

HeLa cell culture, transfection with aequorin-based (erAEQmut, cytAEQ, and
mtAEQmut) or GFP-based (mtGFP, 2mtRP) probes and Fhit, and Ca2� measure-
ments were carried out exactly as previously described (22). Images of fluorescent
indicators (mtGFP, TMRM, 2mtRP) were acquired from cells placed in thermo-
stated chambers on the stage of a digital or confocal microscope and processed,
as previously described (24). Specifically, for the images of Fig. 2B, the first
deconvoluted image in the series was used as threshold to create a binary mask,
allowing visualization of only the mitochondrial network. dF/F images were
calculated from the original images and were multiplied by the binary mask with
the image arithmetic functions of the MetaMorph software. Image scaling and
pseudocolors were applied with the MetaFluor Analyst software of the Meta
Imaging software package. In the experiments of Fig. 2A, Fhit-transfected and
control HeLa cells were transferred to IB buffer (140 mM KCl, 10 mM NaCl, 1 mM
K3PO4, 5.5 mM glucose, 2 mM MgSO4, 1 mM ATP, 2 mM sodium succinate, and 20
mM HEPES, pH 7.05, at 37 °C), supplemented with 2 mM EGTA, then permeabil-
izedbysupplementingtheperfusionmediumwith20�Mdigitoninfor1min,and
perfused again with IB/EGTA. After transfer to the luminometer chamber, Ca2�

uptake into mitochondria was initiated by replacing IB/EGTA with IB containing
a 2 mM EGTA-buffered [Ca2�] of 1 �M, prepared as elsewhere described (30).

Immunofluorescence and immunoblotting were performed with Fhit anti-
serum (Zymed Laboratories) (39) and anti �-tubulin (Santa Cruz Biotechnology),
according to standard procedures (40).

Plasmid Construction. For constructing mtFhit, an in frame HindIII site and the
HA1 tag were added via suitable PCR primers, then the HA-Fhit coding sequence
was ligatedtothemitochondrial targetingsequence (derivedfromsubunitVIIIof
COX) excised from mtAEQ (41). The final construct was cloned into the pcDNA3.1
expression vector.

Functional Analyses. Apoptosis was quantified by 2 approaches. In the first ap-
proach, the mtGFP fluorescent marker was coexpressed with Fhit or mtFhit, and
effect on cell survival was estimated by calculating the fraction of fluorescent cells in
the surviving population after an apoptotic challenge (2 h of treatment with 1 mM
menadione, 1 mM H2O2, or 1 �M staurosporine for 3 h), exactly as described in
previous papers for other genes of interest (30). Ten different fields per coverslip
(taken with an objective 20�) were analyzed, and a mean per condition was ex-
tracted. The results were obtained from at least 3 coverslips per condition and
expressed as variation in the percentage of fluorescent cells. In the second, after the
menadione challenge, control cells or cells overexpressing Fhit or mtFhit were incu-
bated with the Alexa Fluor 488 Annexin V antibody kit, according to the instruction
of the producer (Molecular Probes), then sorted with a FACStar flow cytometer
(Becton Dickinson). For cell cycle analyses, control or transfected cells were washed
twice with cold ethanol, then resuspended in 0.1 mg/mL propidium iodide/Triton
X-100 staining solution (0.1% Triton X-100, 20 mg/mL DNase-free RNase A), and
analyzed by flow cytometry, as described above.
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27. Pacher P, Hajnóczky G (2001) Propagation of the apoptotic signal by mitochondrial waves.
EMBO J 20:4107–4121.

28. Scorrano L, et al. (2003) BAX and BAK regulation of endoplasmic reticulum Ca2�: A control
point for apoptosis. Science 300:135–139.

29. Szado T, et al. (2008) Phosphorylation of inositol 1,4,5-trisphosphate receptors by protein
kinase B/Akt inhibits Ca2� release and apoptosis. Proc Natl Acad Sci USA 105:2427–2432.

30. Rapizzi E, et al. (2002) Recombinant expression of the voltage-dependent anion channel
enhances the transfer of Ca2� microdomains to mitochondria. J Cell Biol 159:613–624.

31. Ishii H, et al. (2005) Components of DNA damage checkpoint pathway regulate UV
exposure-dependent alterations of gene expression of FHIT and WWOX at chromosome
fragile sites. Mol Cancer Res 3:130–138.

32. Roz L, Gramegna M, Ishii H, Croce CM, Sozzi G (2002) Restoration of fragile histidine triad
(FHIT) expression induces apoptosis and suppresses tumorigenicity in lung and cervical
cancer cell lines. Proc Natl Acad Sci USA 99:3615–3620.

33. Duchen MR (2000) Mitochondria and calcium: From cell signalling to cell death. J Physiol.
529:57–68.

34. Brenner C (2002) Hint, Fhit and GalT: Function, structure, evolution, and mechanism of
three branches of the histidine triad superfamily of nucleotide hydrolases and trans-
ferases. Biochemistry 41:9003–9014.

35. Giorgi C, Romagnoli A, Pinton P, Rizzuto R (2008) Ca2� signaling, mitochondria and cell
death. Curr Mol Med 8:119–130.

36. Zanesi N, et al. (2001) The tumor spectrum in FHIT-deficient mice. Proc Natl Acad Sci USA
98:10250–10255.

37. Chami M, Ferrari D, Nicotera P, Paterlini-Bréchot P, Rizzuto R (2003) Caspase-dependent
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Fig. S1. (A) [Ca2�]m measurements in control and in Fhit-transduced A549 cells after stimulation with histamine 10 �M. (B) [Ca2�]m measurements in control
and shRNA-Fhit-transduced HeLa cells. Inset, Fhit immunoblotting to estimate the level of shRNA-Fhit silencing.
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Fig. S2. (A) Mitochondrial morphology in Fhit-transfected and control HeLa cells as revealed by mtGFP visualization. (B) TMRM fluorescence level of control
and Fhit cells, before and after treatment with FCCP (carbonyl cyanide p-trifluoromethoxyphenylhydrazone), to collapses ��m.
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Fig. S3. (A) Morphological analysis of mitochondria (I) and ER (II) of control and mtFhit-expressing HeLa cells. (B) Kinetics of TMRM fluorescence of control and
mtFhit-expressing cells. Where indicated (arrow), the �� was collapsed by adding 1 �M FCCP.
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Fig. S4. Apoptotic counts carried out after treatment with 1 mM H2O2 (A) (control �% 5.78 � 3.46 vs. Fhit �16.80 � 1.58) and 1 �M staurosporin (B) (control
�% 0.84 � 3.10 vs. Fhit 4.39 � 2.76).
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