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Tumor necrosis factor a was found to rapidly phosphorylate the unique mammalian small heat shock protein
hsp28 without impairing its cytoplasmic localization and without inducing the synthesis of the heat shock
proteins. In contrast to the C-kinase-dependent phosphorylation of hsp28 in response to the tumor promoter
phorbol-12-myristate-13-acetate, the heat- and tumor necrosis factor-mediated phosphorylation of this heat
shock protein appears to occur independently of C kinase. These observations suggest that a C-kinase-
independent phosphorylation of hsp28 may be an early event in the cellular action of tumor necrosis factor a.

Tumor necrosis factor o/cachectin (TNF) is a 17-kilo-
dalton (kDa) monocyte/macrophage-derived protein which
induces a variety of effects on cell function (16). Among
these are the necrosis of solid tumors in vivo (10, 12) and the
inhibition of the growth of several normal and tumor cell
lines in vitro (33, 36). In addition, TNF is one of the principal
endogenous mediators of endotoxic shock (37). TNF also
stimulates extracellular matrix degradation, plays a role in
both degenerative joint and inflammatory diseases (15), and
stimulates prostaglandin E2 expression (13). This monokine
is part of the released factors of activated monocytes and
macrophages responsible for stimulating the hepatic produc-
tion of acute-phase reactants (8, 23). Interestingly, TNF also
activates the expression of human immunodeficiency virus
type 1 (14). The sequence of events responsible for these
effects of TNF is, as yet, unknown. However, the TNF-
mediated cytotoxicity may involve ADP ribosylation (1), and
results from several laboratories indicate that this monokine
is internalized by receptor-mediated endocytosis (6, 18, 38)
and degraded in lysosomes (24, 38).
Though TNF is a mediator of inflammation and displays

pyrogenic activity when injected into animals (16), this
monokine does not appear to mimic the cellular effects
generated by environmental stress. Indeed, no induction of
the heat shock (or stress) proteins and no drastic impairment
of the level of protein synthesis was observed in response to
TNF treatment (33). I made a similar observation for HeLa
cells treated for 30 min with TNF (2,000 U/ml; human
recombinant TNF, ICN Biochemical, GmbH, Federal Re-
public of Germany) (not shown), in spite of the cytostatic
and cytotoxic effect of this monokine in those cells. In order
to gain more information on the cellular action of TNF, I
analyzed whether this monokine, similarly to the heat shock
treatment (4, 5, 22, 39), was able to rapidly alter the pattern
of protein phosphorylation in HeLa cells. Labeling with 32p;
(carrier free; Amersham Corp., United Kingdom) was for 1
h, in the presence or absence of 2,000 U of TNF per ml
added during the last 30 min of the labeling period. Labeling
was also performed immediately after a heat shock treatment
at 44.5°C for 30 min. Total cellular proteins were then
analyzed by two-dimensional gel electrophoresis (pH range,
5 to 8) as previously described (4, 5). In response to both
TNF and heat shock, the increased phosphorylation of a
preexisting 28-kDa phosphopolypeptide (Fig. 1, arrowhead
b) was seen as well as the appearance of new 28-kDa

phosphopolypeptides (arrowheads c and d). In both cases,
the more acidic 28-kDa polypeptide d was weakly labeled
and was not always observed. Consequently, this polypep-
tide was not further analyzed in this study. Moreover, the
28-kDa polypeptides showing an increased phosphorylation
after heat shock are known to be isoforms of the heat shock
protein hsp28 (4, 5, 22, 39). Therefore, TNF may stimulate
the phosphorylation of hsp28. Interestingly, several authors
also reported the increased phosphorylation of 27- to 28-kDa
polypeptides in TNF-treated cells, but they did not demon-
strate that these proteins were indeed hsp28 isoforms (19, 21,
31, 34).

In addition to the 28-kDa polypeptide, several other
polypeptides also increased their levels of phosphorylation
after TNF treatment (Fig. 1). Among them were acidic
polypeptides (indicated by open arrowheads) which, to a
lesser degree, also exhibited an increased phosphorylation
after heat shock. Usually, the proteins showing a decreased
phosphorylation at elevated temperatures were not affected
by TNF (indicated by open circles in Fig. 1). Heat shock also
increased the phosphorylation of several polypeptides which
were unaffected by TNF (indicated by asterisks in Fig. 1,
i.e., actin). In addition, a decreased phosphorylation of the
actin isoforms was observed in response to TNF treatment.
Immunoblots of two-dimensional gels probed with anti-

hsp28 antiserum (4, 5) and revealed with goat anti-rabbit
antiserum conjugated to horseradish peroxidase (Amer-
sham) (4) were performed to provide evidence that the
28-kDa polypeptides phosphorylated in response to TNF are
hsp28 isoforms. Indeed, in cells treated with TNF, anti-
hsp28 antiserum recognized the 28-kDa b and c polypeptides
(Fig. 2A). In addition, the antiserum recognized a more basic
isoform a which is the unphosphorylated form of hsp28 (4).
This analysis also indicates that a large fraction of hsp28
(>50%) is phosphorylated by TNF. A similar conclusion was
reached in the case of heat stress (4). The origin of the
well-defined phosphorylated isoforms of hsp28 is unknown,
but they may be a consequence of conformational changes of
this polypeptide.

Immunoprecipitation was used as another approach to
demonstrate that the 28-kDa phosphoprotein detected after
TNF treatment is in fact hsp28. After being labeled with 32p
as described above, the cells were lysed and hsp28 was
immunoprecipitated by using anti-hsp28 antiserum and pro-
tein A-Sepharose as already described (2, 5). This experi-
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FIG. 2. Evidence that TNF induces the phosphorylation of the
,,.> heat shock protein hsp28. (A) Immunoblots of two-dimensional gels

N. b revealed the 28-kDa polypeptides phosphorylated by TNF to be
d c hsp28 isoforms. Anti-hsp28 antiserum was used to probe protein

blots of two-dimensional gels from either control cells (gel 1) or cells
incubated for 30 min with 2,000 U ofTNF per ml (gel 2) as described
in the text. The fraction of the blot showing hsp28 isoforms is
presented. The blot was revealed by goat anti-rabbit serum coupled
to horseradish peroxidase. The acidic end is to the left. The
arrowheads labeled a, b, and c indicate the positions of hsp28
isoforms. The more basic isoform of hsp28 (a) does not contain
phosphate. (B) Immunoprecipitation of cell lysates. HeLa cells
growing on 35-mm Falcon dishes either were kept at 37°C or were
heat treated at 44.5°C for 30 min or were treated with 2,000 U of
TNF per ml or 10 FiM PMA for 30 min. Labeling was for 1 h at 37°C
with 32p;. TNF and PMA were added during the last 30 min of
incubation. In the case of heat stress, labeling was performed
immediately after heat shock treatment. Cell lysates were used to
immunoprecipitate hsp28 by using anti-hsp28 serum as previously
described (5). An autoradiograph of the sodium dodecyl sulfate gel
is presented. Lanes: a, control experiment using preimmune serum,

>>sb cells kept at 37°C; b through f, immune serum plus control cells kept
d c at 37°C (b), cells treated with PMA (c), heat-treated cells (d), control

cells kept at 37°C (e), and cells treated with TNF (f).

FIG. 1. TNF and heat shock induce the phosphorylation of
similar 28-kDa polypeptides. HeLa cells growing on 35-mm Falcon
dishes (Becton Dickinson Labware, Oxnard, Calif.) either were kept
at 37°C and treated with 2,000 U of TNF per ml for 30 min or were
heat treated at 44.5°C for the same time. Labeling was for 1 h at 37°C
with 32p;. TNF was added during the last 30 min of the incubation.
In the case of heat stress, labeling was performed immediately after
the heat shock treatment. The labeled proteins were analyzed in the
first dimension by isoelectric focusing (pH 5 to 8) followed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis on a 15%
polyacrylamide gel. The acidic end is to the left. (a) Control cells. (b)
Cells treated with TNF. (c) Cells labeled after a heat stress of 30 min
at 44.5°C. The arrowheads labeled b, c, and d indicate the positions

ment confirmed that TNF stimulated the phosphorylation of
hsp28 (Fig. 2B). The phosphorylation observed in the pres-
ence of 2,000 U of TNF per ml was as intense as that
observed after a heat stress at 44.5°C for 30 min. It has been
reported that hsp28 phosphorylation rapidly increased in

of the 28-kDa polypeptides. The open arrowheads indicate the
positions of acidic proteins also exhibiting an increased phosphory-
lation after TNF and heat treatments. Positions of proteins which
increased their phosphorylation status only after TNF treatment are

indicated ({), as are the positions of proteins showing a decreased
phosphorylation after heat shock but which were unaffected by TNF
(0) and the positions of proteins exhibiting an increased phosphor-
ylation only after the heat shock treatment (*).
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FIG. 3. The phosphorylation of hsp28 by TNF and heat shock is
C kinase independent. HeLa cells growing on 35-mm Falcon dishes
were divided into two sets. One set was kept at 37°C, while the other
was treated for 48 h with 10 F.M PMA in order to down regulate C
kinase. After these treatments, both types of cells either were

exposed for 30 min at 37°C to 2,000 U of TNF per ml (A) or 10 ,uM
PMA (C) or were heat treated at 44.5°C for 30 min (B). Labeling with
32Pi and analysis of the phosphoproteins by two-dimensional gel
electrophoresis was performed as described in the legends to Fig. 1
and 2 and in the text. Only the fraction of the autoradiograph
showing hsp28 b and c isoforms is presented. N, Normal cells, DR,
cells down regulated for C kinase. Arrows indicate the positions of
the b and c phosphorylated isoforms.

response to either the tumor promoter PMA (phorbol-12-
myristate-13-acetate), the calcium ionophore A23187, or

mitogens and when fresh serum was added to quiescent cells
(30, 39). An illustration of the phosphorylation of hsp28
induced by PMA (10 nM for 30 min; Sigma) is shown in Fig.
2. In addition, when the incubation in the presence of TNF
was reduced to 10 min, an intense phosphorylation of hsp28
was still observed (not shown). Therefore, the phosphoryla-
tion of hsp28 is one of the earliest cellular effects of TNF
which has been reported in the literature.
The phosphorylation of hsp28 by PMA was shown to be

dependent on C kinase (30). To address this issue in regard
to TNF and heat shock, HeLa cells were incubated for 24 h
at 37°C with 10 nM PMA to induce the translocation of
protein kinase C and its subsequent down regulation (30).
The level of phosphorylation of hsp28 after TNF, heat, or
PMA treatment was then compared with that observed in
cells which were not down regulated for C kinase. After
TNF or heat shock, the increased phosphorylation of the
hsp28 b isoform and the appearance of the c phosphorylated
isoform were not impaired in cells down regulated for C
kinase (Fig. 3). In contrast, the increased phosphorylation of
hsp28 isoforms in response to PMA was not observed in cells
down regulated for C kinase (30). A dependence on C kinase
was also observed for the serum- and A23187-mediated
phosphorylation of hsp28 (not shown). Therefore, the phos-
phorylation of hsp28 in response to TNF and heat shock is
probably not C kinase dependent. This result implies that at
least two different kinases are involved in hsp28 phosphor-
ylation. It is also interesting that the level of phosphorylation
of the b and c isoforms was almost identical in response to
TNF and heat shock. This observation contrasts with the
effect of PMA, which even at high concentrations induced a
more intense phosphorylation of the b isoform. In addition,
the phosphorylation by TNF of the other polypeptides
described in Fig. 1B was also C kinase independent (not
shown). Taken together, these results suggest that TNF may
mimic the effect of a heat shock treatment at the level of
hsp28 phosphorylation. However, more work is needed to
confirm that the same sites of hsp28 are phosphorylated by
the same kinase in response to TNF and heat shock.

In order to further compare the effects of TNF and heat
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FIG. 4. hsp28 locale is not affected by TNF. HeLa cells growing
on 35-mm Falcon dishes either were exposed to TNF or PMA or

were heat treated as described above. The cells were then fraction-
ated into a low-speed supernatant (S) and pellet (P) as described in
the text. Equal portions of the supernatant and pellet were analyzed
on sodium dodecyl sulfate-polyacrylamide gels. The proteins were

then transferred to nitrocellulose, and the amount of hsp28 was

determined by Western blotting. The blots were revealed as de-
scribed above. (a) Cells kept at 37°C. (b) Analysis immediately after
a heat stress at 44.5°C for 30 min. (c) Incubation with 10 p.M PMA
for 30 min at 37°C. (d) Incubation with 2,000 U of TNF per ml for 30
min at 37°C.

shock on hsp28, in both cases I have analyzed the cellular
locale and the solubility of this heat shock protein. hsp28 is
related to alpha-A,B-crystallin (20, 40) and shares with this
polypeptide the ability to form heterogenous aggregates (4,
5). At normal temperatures, hsp28 is in the form of small
soluble cytoplasmic aggregates (2 x 106 to 8 x 106 Da), while
after a heat shock, a cellular redistribution and aggregation
of the small heat shock proteins occurs (2-5). hsp28 is then
in the form of large nuclear aggregates, which are similar to
the alpha-crystallin structures observed in cataract lens cells
(>15 x 106 Da) (4, 35). Analysis of hsp28 solubility involved
lysis of the cells in the presence of 0.5% Triton X-100 and
subsequent centrifugation of the lysed cells at 20,000 x g to
obtain a supernatant and a pellet as previously described (4).
In each case, equal portions of the pellet and the supernatant
were applied to the gel, and the relative proportions of hsp28
were determined by Western (immuno-) blot analysis with
anti-hsp28 serum. TNF, in contrast to the heat shock treat-
ment, did not induce a redistribution of hsp28 in the pellet
fraction (Fig. 4). A similar result was observed after PMA or

A23187 treatments or after the addition of fresh serum to
quiescent cells. Indirect immunofluorescence analysis con-
firmed the cytoplasmic localization of hsp28 after TNF and
PMA treatments (not shown). In this regard, it should be
noted that factors other than phosphorylation appear to
regulate the cellular redistribution of the small heat shock
proteins at elevated temperatures (4, 32). These results
indicate that the TNF-mediated phosphorylation of hsp28 is
a cytoplasmic event.

Despite reports suggesting that hsp28 is involved in the
development of cellular resistance to stress (9, 11, 27), the
exact function of this protein is not yet clear. One hypothesis
is that hsp28 phosphorylation in response to TNF reflects
the cellular resistance toward the cytostatic and cytotoxic
action of this monokine. Interestingly, TNF and heat shock
induce common cellular perturbations. Among them are the
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impairment of mitochondrial activity, leading to an inhibition
of respiration (17, 26), the alteration of the intracellular level
of cyclic AMP, which may result in the activation of A-
kinase activity (7, 25), and the production of reactive oxy-
gen, which in turn causes cell damage by oxidative stress
(16, 28, 29). The phosphorylation of hsp28 may also be a
consequence of the signal transduction, via intracellular
second messengers, of the binding of TNF to its receptor.
Whether the C-kinase-independent phosphorylation of hsp28
by TNF or heat shock is simply a biochemical marker of
these cellular perturbations or is in fact a regulator of these
processes remains to be shown. Furthermore, Kaur and
Salklatvala (21) have shown that interleukin-1, which shares
pleiotropic effects with TNF, rapidly phosphorylates a 27-
kDa polypeptide which is also resolved in multiple isoforms
in two-dimensional gels. Taken together, these observations
suggest that the phosphorylation of hsp28 may be an early
event in the regulatory cascade leading to the cellular actions
of TNF and interleukin-1.

Part of this work was initiated while I was visiting W. J. Welch's
laboratory at Cold Spring Harbor Laboratory, Cold Spring Harbor,
N.Y.; his interest and support are gratefully acknowledged. I thank
Pierre Spierer and Julio Vazquez for critical readings of the manu-
script.
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