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NLRC4 [nucleotide-binding domain and leucine-rich repeat (NLR)
family, caspase recruitment domain (CARD) containing 4] is an innate
immune receptor, which, upon detection of certain pathogens or
internal distress signals, initiates caspase-1-mediated interleukin-1f
maturation and an inflammatory response. A gain-of-function muta-
tion, H443P in NLRC4, causes familial cold autoinflammatory syn-
drome (FCAS) characterized by cold-induced hyperactivation of
caspase-1, enhanced interleukin-1p maturation, and inflammation.
Although the H443P mutant shows constitutive activity, the
mechanism involved in hyperactivation of caspase-1 by NLRC4-
H443P upon exposure of cells to lower temperature is not known.
Here, we show that heat shock cognate protein 70 (HSC70) com-
plexes with NLRC4 and negatively regulates caspase-1 activation by
NLRC4-H443P in human cells. Compared with NLRC4, the structurally
altered NLRC4-H443P shows enhanced interaction with HSC70. Nu-
cleotide binding- and leucine-rich repeat domains of NLRC4, but not
its CARD, can engage in complex formation with HSC70. Knockdown
of HSC70 enhances apoptosis-associated speck-like protein contain-
ing a CARD (ASC)-speck formation and caspase-1 activation by NLRC4-
H443P. Exposure to subnormal temperature results in reduced in-
teraction of NLRC4-H443P with HSC70, and an increase in its ability
to form ASC specks and activate caspase-1. Unlike the NLRC4-
H443P mutant, another constitutively active mutant (NLRC4-V341A)
associated with autoinflammatory diseases, but not FCAS, showed
neither enhanced interaction with HSC70 nor an increase in inflam-
masome formation upon exposure to subnormal temperature. Our
results identify HSC70 as a negative regulator of caspase-1
activation by the temperature-sensitive NLRC4-H443P mutant. We
also show that low-temperature-induced hyperactivation of
caspase-1 by NLRC4-H443P is due to loss of inhibition by HSC70.
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ytoplasmic and membrane-bound receptors mediate an

innate immune response upon sensing invading patho-
gens or intracellular danger signals (1-3). NLRC4 [nucleotide-
binding domain and leucine-rich repeat (NLR) family, caspase
recruitment domain (CARD) containing 4] is a member of the
protein family of cytoplasmic immune receptors. It is expressed in
immune cells such as monocytes, macrophages, and neutrophils.
In addition, NLRC4 functions are known in nonhematopoietic
cells such as lung and intestinal epithelial cells and brain cells
(4-7). NLRC4 comprises an N-terminal CARD, a central nucleotide-
binding and oligomerization domain (NBD), a winged helix domain
(WHD), 2 helical domains (HD1 and HD2), and a C-terminal
leucine-rich repeat (LRR) domain (8-12). Detection of bac-
terial proteins (flagellin, rod, and needle) by NAIPs leads to
formation of the NLRC4 inflammasome, a multimolecular com-
plex that activates caspase-1. There are 7 NAIPs in mice, which
recognize different bacterial proteins; however, in human cells,
a single NAIP is expressed, which recognizes type 3 secretion
system needle and inner rod proteins (13-16). NLRC4 can en-
gage and activate caspase-1 either directly through its CARD
or through an adapter protein, apoptosis-associated speck-like pro-
tein containing a CARD (ASC) (11). Activated caspase-1
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proteolytically cleaves pro-interleukin-1p (pro-IL-1f) and
pro-IL-18 into mature cytokines that mediate an in-
flammatory response downstream of NLRC4 (11, 12, 14, 17—
20). NLRC4 is maintained in an adenosine 5’-diphosphate
(ADP)-bound autoinhibited state through intermolecular
interactions between the NBD and WHD of NLRC4 and
ADP, and the LRR domain folds over to inhibit its oligomeri-
zation and activation (8).

Mutations in NLRC4 (21-27) and some other cytoplasmic
immune receptors like NLRP1 (11, 28-30), NLRP3 (31-34), and
NLRP12 (35-37) cause autoinflammatory syndromes, which occur
in the absence of any infection or autoimmunity. Certain domi-
nant mutations in NLRP3, NLRP12, and NLRC4 cause familial
cold autoinflammatory syndrome (FCAS), a mild form of
autoinflammatory disorder characterized by arthralgia, in-
termittent fever, and skin rashes upon exposure of the individual to
subnormal temperatures (21-27, 31-37). One of the mutants of
NLRC4, H443P, causes FCAS in heterozygous individuals (21).
NLRC4-H443P undergoes auto-oligomerization, leading to con-
stitutive activation of caspase-1 and maturation of cytokine IL-1f.
A hyperinflammatory response is seen in transgenic mice
expressing NLRC4-H443P upon exposure to cold water at 4 °C
(21). This inflammation in NLRC4-H443P transgenic mice is due
to caspase-l-mediated IL-1p maturation. Overexpression of
NLRC4-H443P in HEK293T cells causes hyperactivation of
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caspase-1 when exposed to a temperature of 32 °C (21). However,
the mechanism by which exposure to lower temperature leads to
hyperactivation of caspase-1 by the H443P mutant of NLRC4, or
any FCAS-causing mutant of other NLR proteins, is not known.

Heat shock proteins (HSPs) are a family of molecular chaper-
ones involved in protein homeostasis in a cell and are broadly
conserved across all vertebrates (38). HSPs are involved in physi-
ological processes like folding of newly synthesized polypeptides,
refolding or degradation of misfolded proteins, protein sorting,
transport and secretion, autophagy, apoptosis, stress response
during hypothermia/hyperthermia, and an inflammatory immune
response (39—-41). HSPs have been divided into 2 broad categories
based on their size and mode of function. Larger HSPs (i.e.,
HSP70, heat shock cognate protein 70 [HSC70], GRP78, HSP90)
are 70- to 90-kDa proteins and require adenosine triphosphatase
(ATPase) activity for most of their functions, while smaller HSPs
(i.e., HSP27, HSP40) mostly act as cochaperones to larger HSPs
and do not possess ATPase activity. HSC70, encoded by the
HSPAS gene in humans, is a constitutively and ubiquitously
expressed member of the HSP family and constitutes 1 to 2% of
total cellular proteins. Unlike HSP70, HSC70 is not induced in
response to higher temperature. HSC70 possesses an N-terminal
ATPase domain, a substrate-binding domain (SBD), and a C-
terminal lid domain (42). It is involved in promoting protein
folding and in processing of misfolded proteins (39, 41).

The chaperone function of HSC70 helps in proper folding of
newly synthesized proteins, and this function involves transient
interactions with short hydrophobic (or hydrophobic-basic) se-
quences in the partially folded/unfolded proteins. These interac-
tions of HSC70 increase with increasing temperature in the
physiological range of 30 to 37 °C. HSC70 undergoes temperature-
dependent reversible conformational change beginning at about
30 °C, which increases its interaction with peptides and unfolded
proteins, as well as its chaperoning activity (38, 43). Thus, HSC70
exists in active and inactive states, and the proportion of the active
pool is determined by temperature-dependent conformational
change. These properties of HSC70 indicate that it is a potential
candidate to modulate temperature-dependent functional prop-
erties of client proteins in the physiological temperature range of
30 to 37 °C.

In this study, we attempted to understand how caspase-1
hyperactivation occurs downstream of the FCAS-causing mu-
tant, NLRC4-H443P. We have identified HSC70 and HSP70
as interacting partners of NLRC4 and show that HSC70
negatively regulates the inflammasome function of NLRC4-
H443P. Upon exposure to subnormal temperatures, NLRC4-
HA443P interaction with cellular HSC70 decreases, resulting
in increased inflammasome formation and caspase-1 activation.
Our results suggest that HSC70 plays an important role
in modulating temperature-sensitive properties of NLRC4-
H443P.

Results

HSC70 Forms a Complex with NLRC4 and Shows Enhanced Interaction
with the H443P Mutant. Gain-of-function mutations in NLRC4
cause autoinflammatory disorders in humans (27). Fig. 14 shows a
schematic indicating the positions of various disease-associated
mutations in the NLRC4 protein. A missense mutation, H443P
in NLRCH4, causes cold hypersensitivity in heterozygous individuals
(21). While studying differential interaction of SUG1 with wild-
type (WT)-NLRC4 and NLRC4-H443P by immunoprecipitation
(IP) (44), we observed a prominent 70-kDa cellular polypeptide in
NLRC4 immunoprecipitates from cells transiently expressing
GFP-fusion proteins of WT-NLRC4 or NLRC4-H443P (SI Ap-
pendix, Fig. S14). The prominence of this protein suggested that
it could be one of the HSPs of 70 kDa, which play an important
role in maintaining cellular homeostasis in response to abnormal
temperatures. Western blot analysis of immunoprecipitates showed
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that cellular HSC70 forms a complex with NLRC4 (Fig. 1B and S
Appendix, Fig. S1B). Higher levels of HSC70 were seen repeatedly
in immunoprecipitates of the H443P mutant compared with that of
WT-NLRC4, suggesting that HSC70 complexes with the H443P
mutant with higher affinity than with WT-NLRC4 (Fig. 1 B and C).
We examined the interaction of HSC70 with 2 other disease-
associated mutants of NLRC4, T337S and V341A, which also
cause constitutive caspase-1 activation. The T337S and V341A
mutants of NLRC4 do not cause FCAS but are involved in causing
other autoinflammatory syndromes (22, 23). Interestingly, com-
pared with WT-NLRC4, HSC70 showed stronger interaction only
with the temperature-sensitive mutant NLRC4-H443P, but not
with NLRC4-T337S or NLRC4-V341A (Fig. 1B). Interaction of
endogenous NLRC4 with HSC70 was seen in differentiated
THP1 cells by IP, indicating that complex formation was not due
to forced expression of the proteins (Fig. 1D).

In addition to HSC70, HSP70 was detected in the immunopre-
cipitates obtained from lysates of HEK293T cells transiently
expressing WT-NLRC4 or NLRC4-H443P. Higher levels of HSP70
were seen in complexes with NLRC4-H443P compared with that of
WT-NLRC4 (Fig. 1 E and F). GRP78, another HSP70 member,
which is localized to the endoplasmic reticulum and is required
for folding of newly synthesized proteins, was not detected in
NLRC4 or NLRC4-H443P immunoprecipitates under similar ex-
perimental conditions (Fig. 1G). Endogenous NLRC4 did not show
complex formation with GRP78 in differentiated THP1 cells (S
Appendix, Fig. S24). HSP70 was not detectable in THP1 cells un-
der our experimental conditions of Western blotting (SI Ap-
pendix, Fig. S2B). These results identified HSC70 and HSP70
as 2 interacting partners of NLRC4 and suggested a possible
role for HSC70/HSP70 in signal transduction downstream of
the temperature-sensitive mutant NLRC4-H443P.

Domain Requirements for Interaction between NLRC4 and HSC70. To
identify the domains in NLRC4 required for its interaction with
HSC70, we transfected deletion constructs expressing GFP-fusion
proteins of various domains of NLRC4 (Fig. 1H) in HEK293T cells
and subjected the lysates to IP using GFP-antibody. HSC70 was
present in the immunoprecipitates of deletion constructs express-
ing ALRR-NLRC4 (which lacks the LRR domain) as well as in
ACARD-ALRR-NLRCH4 (which lacks both the LRR domain and
CARD) (SI Appendix, Fig. S34). GFP-LRR and GFP-amino acids
(aa) 91 to 253 interacted with endogenous HSC70, but GFP-
CARD failed to coprecipitate HSC70 (SI Appendix, Fig. S3B).
These results indicated that the NBD and LRR domain of
NLRCH4 can independently interact with HSC70, and the CARD is
neither sufficient nor essential for interaction. In vitro glutathione
S-transferase (GST) pulldown assays using GST-HSC70 showed
that GFP-LRR and GFP-aa 91 to 253, but not GFP, can interact
with HSC70 (SI Appendix, Fig. S3C). For GST pulldown assays, the
binding reaction was carried out at 37 °C because no interaction of
GST-HSC70 with NLRC4 or NLRC4-H443P was seen at 4 °C, a
condition generally used for these assays. HSC70 is known to bind
to its substrates primarily through its C-terminal SBD (aa 394 to
546) (shown schematically in Fig. 1H), which has affinity for ex-
tended hydrophobic motifs in the target protein (45, 46). GST-
SBD interacted with NLRC4 and NLRC4-H443P in in vitro
binding assays (SI Appendix, Fig. S3D).

Ubiquitination of NLRC4-H443P Enhances Interaction with HSC70.
While a higher amount of HSC70 was present in cellular com-
plexes formed by NLRC4-H443P compared with WT-NLRC4
(Fig. 1B), no difference was seen in interaction when in vitro
binding assays were carried out (SI Appendix, Fig. S4). We hy-
pothesized that the NLRC4-H443P mutant may be undergoing
a posttranslational modification in cells that is lost or reduced in
cell lysates. Previously, we have reported that NLRC4 undergoes
ubiquitination and that a higher level of ubiquitination is seen on
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Fig. 1. HSC70 and HSP70 are present in cellular complexes formed by NLRC4. (A) Schematic showing the domain organization of NLRC4. Sites of disease-associated
mutations in NLRC4 are indicated. Interaction sites for caspase-1 (Casp-1) and the SUG1/LRR domain are also indicated (12, 55). (B) GFP-tagged NLRC4 and its
mutants were transiently expressed in HEK293T cells, and lysates were subjected to IP using GFP antibody followed by Western blotting. WCL, whole-cell lysate. The
asterisk indicates residual signal from bands of GFP. (C) Bar diagram shows quantitation of relative abundance of HSC70 in IP of the H443P mutant compared with
WT-NLRC4 normalized with GFP signal from 8 independent experiments (n = 8). ***P < 0.0005. (D) Differentiated THP1 cells were lysed and subjected to IP using
NLRC4 antibody or normal immunoglobulin G (IgG) as a control (Con) and analyzed by Western blotting. (E) HSP70 forms a complex with NLRC4 and shows
enhanced interaction with NLRC4-H443P. Lysates of cells transfected with the indicated constructs were subjected to IP and Western blotting. (F) Bar diagram
shows relative abundance of HSP70 in IP of WT-NLRC4 and NLRC4-H443P normalized with GFP signal (n = 3). *P < 0.05. (G) GRP78 is not present in the cellular
complexes formed by NLRC4. (H) Identification of domains in NLRC4 and HSC70 required for complex formation. The schematic shows various deletion constructs of
NLRC4 and HSC70. The plus symbol on the right-hand side indicates positivity for interaction, and the minus symbol indicates negativity for interaction.

NLRCA4-H443P (44) (SI Appendix, Fig. S1B). Therefore, we car-
ried out cell lysis and GST pulldown assays in buffers containing
N-ethylmaleimide (NEM), an inhibitor of cellular deubiquitinases.
A higher amount of NLRC4, as well as NLRC4-H443P, com-
plexed with GST-HSC70 when NEM was included in the cell lysis
and binding assay buffers, compared with experiments without
NEM (Fig. 24). Compared with WT-NLRC4, NLRC4-H443P
showed enhanced interaction with GST-HSC70 in the presence
of NEM (Fig. 2B). Deprobing the blot, followed by reprobing with
ubiquitin antibody, confirmed enhanced ubiquitination on poly-
peptide corresponding to NLRC4-H443P, compared with WT-
NLRC4 in samples processed with NEM (Fig. 24). These results
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suggest that HSC70 preferentially interacts with the ubiquitinated
NLRC4-H443P mutant and enhanced binding of this mutant is
likely due to higher ubiquitination of the NLRC4-H443P mutant
compared with that of WT-NLRC4.

HSC70 Negatively Regulates Caspase-1 Activation by NLRC4-H443P.
The FCAS-causing NLRC4-H443P constitutively activates
caspase-1, leading to proinflammatory cytokine IL-1f matura-
tion. To find out if HSC70 plays a role in caspase-1 activation
by NLRC4-H443P, we examined the consequence of knockdown
of HSC70 using short interfering RNAs (siRNAs). We observed
increased caspase-1 activation by NLRC4-H443P compared with
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Fig. 2. Ubiquitination (Ub) of NLRC4-H443P enhances interaction with HSC70.
(A) Lysates of HEK293T expressing GFP-NLRC4 or GFP-NLRC4-H443P were pre-
pared in buffer with or without NEM (10 mM) and incubated at 37 °C for
30 min with GST or GST-HSC70. After GST pulldown assays, bound proteins
were analyzed by Western blotting with the indicated antibodies. (B) Bar di-
agram shows relative abundance of NLRC4 or NLRC4-H443P in pulldown
samples of GST-HSC70 in the presence or absence of NEM, normalized with GFP
signal in the lysates (n = 6). *P < 0.05.

WT-NLRCH4 in control siRNA-transfected samples (Fig. 3 A and
B). Caspase-1 activation by NLRC4-H443P further increased
upon HSC70 knockdown, suggesting that HSC70 negatively reg-
ulates caspase-1 activation downstream of NLRC4-H443P. There
was only a marginal effect of HSC70 knockdown on caspase-1
activation by WT-NLRC4 (Fig. 3 4 and B). We confirmed the
efficacy of siRNA-mediated HSC70 knockdown by Western blot
(Fig. 3C). HSP70 levels remained unaffected in these samples,
indicating the specificity of siRNA for HSC70 (Fig. 3D).

NLRCH4 coexpression enables ASC to form distinct specks in
cells, an indicator of inflammasome assembly, which occurs due
to oligomerization of ASC with NLRC4 (23, 47). NLRC4-H443P
coexpression resulted in significantly higher number of cells
showing ASC specks compared with those expressing NLRC4
(Fig. 3 E and F). ASC-mediated speck formation by NLRC4-
HA443P increased significantly upon HSC70 knockdown (Fig. 3
E and F). Importantly, reduction in levels of HSC70 did not
affect speck formation by WT-NLRC4. Knockdown of HSP70 by
siRNA did not enhance caspase-1 activation by NLRC4-H443P,
although some effect on inflammasome formation by NLRC4-
H443P was seen (SI Appendix, Fig. S5 A-C). Knockdown of
HSP70 by siRNA was confirmed by Western blot analysis (S
Appendix, Fig. S5 D and E).

Apoptozole, an Inhibitor of HSC70/HSP70, Enhances Inflammasome
Function of NLRC4-H443P. HSC70 and HSP70 function through
adenosine 5’'-triphosphate—dependent cycles of substrate binding
and release. Apoptozole (Az) is a chemical inhibitor of HSC70/
HSP70 ATPase activity (48), and has been used as an inhibitor of
HSC70 function (48-51). We tested the effect of Az on NLRC4-
H443P-mediated caspase-1 activation by quantitating IL-1p mat-
uration. HEK293T cells transiently expressing caspase-1 and IL-1p
along with WT-NLRC4 or NLRC4-H443P were treated with di-
methyl sulfoxide and 0.2 pM or 0.5 pM Az. Expression of NLRC4-
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H443P increased IL-1p maturation, compared with WT-NLRC4
(Fig. 4 A and B). Treatment with Az did not have a significant
effect on WT-NLRC4-induced IL-1p maturation, but increased
levels of mature IL-1p in the lysates of NLRC4-H443P-transfected
cells (Fig. 4 A and B). The level of cleaved caspase-1 increased
upon treatment with Az in H443P mutant-expressing cells but
not in WT-NLRC4—expressing cells (SI Appendix, Fig. S6A4). Az
treatment also resulted in a significant increase in the frequency
of ASC specks in NLRC4-H443P—expressing cells, while there was
no effect on speck formation by WT-NLRC4 or NLRC4-V341A
(Fig. 4 C and D and SI Appendix, Fig. S6 B and C). These
results provide further support to our hypothesis that HSC70
regulates inflammasome formation and caspase-1 activation
by NLRC4-H443P.

Effect of Subnormal Temperature on Inflammasome Formation and
Caspase-1 Activation by NLRC4-H443P. Caspase-1-mediated IL-1p
maturation in NLRC4-H443P mutant—expressing cells increases
upon exposure to subnormal temperature (21). This was validated
by examining the effect of a subnormal temperature of 28 °C on
ASC-mediated speck formation by the H443P mutant, the V341A
mutant, and WT-NLRC4. We observed that NLRC4-H443P-
and NLRC4-V341A-expressing cells showed a significantly higher
percentage of cells with specks compared with WT-NLRC4-
expressing cells. Upon exposure to 28 °C, NLRC4-H443P showed
a further increase in speck formation, while there was no significant
change in speck formation by WT-NLRC4 or NLRC4-V341A (Fig.
5 A and B and SI Appendix, Fig. S7). These results suggest that the
NLRC4-H443P mutant shows enhanced inflammasome formation
upon exposure to lower temperature, whereas the V341A mutant
does not. As expected, we observed that NLRC4-H443P showed
increased caspase-1 activation and IL-1p maturation, and NLRC4-
HA443P-mediated caspase-1 activation and IL-18 maturation further
increased upon exposure to subnormal temperature (Fig. 5 C-FE).

Effect of Subnormal Temperature on Interaction of NLRC4-H443P
with HSC70 and ASC. We examined the effect of exposure to
subnormal temperature on the interaction of HSC70 with
NLRC4 or NLRC4-H443P. HEK293T cells expressing Myc-
tagged NLRC4 or NLRC4-H443P were maintained at 37 °C or
exposed to 28 °C before lysis. Lysates were subjected to IP with
Myc antibody and Western blotting. Significantly reduced levels of
HSC70 complexed with NLRC4-H443P in cells exposed to sub-
normal temperature compared with that in cells at 37 °C (Fig. 6
A and B and SI Appendix, Fig. S8). The interaction of WT-
NLRC4 with HSC70 showed a small reduction upon exposure to
lower temperature (Fig. 6 A and B). The interaction of endoge-
nous NLRC4 with HSC70 in differentiated THP1 cells was sig-
nificantly reduced upon exposure to 28 °C (Fig. 6 C and D).
Transiently expressed Myc-NLRC4-H443P in THP1 cells showed
reduced interaction with endogenous HSC70 upon exposure to a
subnormal temperature of 28 °C (Fig. 6E). In vitro binding assays
also showed that GST-HSC70 binds weakly with NLRC4-H443P
at 28 °C compared with that at 37 °C (Fig. 6 F and G). A significant
effect of subnormal temperature on binding of GST-HSC70 with
WT-NLRC4 was also seen (Fig. 6G). We did not see any signifi-
cant difference in the extent of ubiquitination on the H443P mu-
tant in response to temperature shift, although some decrease was
observed (SI Appendix, Fig. S9). Western blot analysis of immu-
noprecipitates from lysates of cells expressing ASC along with
NLRC4-H443P showed that NLRC4-H443P was more abundant
in cellular complexes formed by ASC in cells exposed to a sub-
normal temperature of 28 °C compared with those grown at 37 °C
(Fig. 6H). These results suggest that enhanced inflammasome
formation and caspase-1 activation by the NLRC4-H443P mutant
at lower temperature is likely to be due to reduced interaction with
its negative regulator, HSC70.
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Fig. 3. HSC70 negatively regulates caspase-1 activation downstream of NLRC4-H443P. (A) HEK293T cells were transfected with control (Con) siRNA or siRNA
targeted against HSC70 along with caspase-1 (Casp-1) and Myc-tagged NLRC4 or NLRC4-H443P. Whole-cell lysates were analyzed by Western blotting for the
presence of cleaved caspase-1 (Cl. Casp-1 [p10]). (B) Bar diagram shows quantitation of relative abundance of Cl. Casp-1 in cells expressing NLRC4 or NLRC4-H443P
normalized with caspase-1 p45 signal (n = 3). *P < 0.05. (C) Western blot shows efficacy of HSC70 knockdown by siRNA. (D) HSC70 siRNA does not affect cellular
HSP70, indicating target specificity. (E) Representative images show the effect of siRNA-mediated knockdown of HSC70 on speck formation by the WT-NLRC4 or
NLRC4-H443P mutant. Cells coexpressing HA-ASC and Myc-NLRC4 or Myc-NLRC4-H443P were scored for the presence or absence of specks. White arrows indicate
ASC specks formed inside cells. (Scale bars, 20 pm.) (F) Quantitation of the effect of HSC70 knockdown on ASC-mediated speck formation by NLRC4 or NLRC4-

H443P (n = 4). **P < 0.005.

Discussion

NLRCH4 is generally activated by pathogen-associated molecular
patterns (10), but certain point mutations result in its constitutive
activation, inflammasome formation, and caspase-1 activation,
leading to autoinflammatory diseases (27). Through this study, we
show that HSC70 and HSP70 chaperone proteins form a complex
with NLRC4. HSC70 keeps the constitutively active NLRC4-
H443P mutant in check to suppress inflammasome formation
and caspase-1 activation. Exposure of cells to subnormal temper-
ature results in reduced interaction of HSC70 with the H443P
mutant, which is accompanied by hyperactivation of caspase-1.
Paradoxically, compared with WT-NLRC4, the constitutively ac-
tive H443P mutant shows enhanced interaction with HSC70. The
mutated histidine residue is at a location required for binding
with the ADP molecule (8), which is crucial in maintaining the
inactive configuration of NLRC4. We hypothesize that the
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H443P mutation, in addition to exposing oligomerization sites by
inducing conformational changes in NLRC4, enables stronger
interaction of HSC70 and HSP70 with the mutant protein. This
mutation possibly induces very specific conformational changes
in NLRC4 that are not seen in 2 other mutants, V341A and
T337S, which do not show enhanced interaction with HSC70. It
is possible that NLRC4-H443P is recognized as a misfolded
protein by HSC70.

Binding of HSC70 with the H443P mutant may be preventing
efficient oligomerization with ASC, as shown by the increase
in speck formation in cells with reduced HSC70 levels. Lower
temperature may be inducing a conformational change in HSC70
resulting in reduced interaction with the H443P mutant, leading to
its hyperactivation. This is shown schematically in Fig. 7. Knock-
down of HSC70 may have nonspecific effects on cells; thus, the
effects observed on inflammasome formation and/or caspase-1
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Fig. 4. Effect of Az treatment on caspase-1 activation and IL-1p maturation downstream of NLRC4-H443P. (A) HEK293T cells were transfected with Myc-
tagged NLRC4 or NLRC4-H443P along with caspase-1 (Casp-1) and pro-IL-18. Whole-cell lysates were analyzed by Western blotting for the presence of mature
IL-1B (p17). Az was added to the culture medium in concentrations as indicated. Dimethyl sulfoxide (DMSO) was used as a solvent control. (B) Bar diagram
shows quantitation of relative levels of mature IL-1p normalized with pro-IL-18 signal in whole-cell lysates upon Az treatment (n = 3). *P < 0.05. (C) Rep-
resentative immunofluorescence images showing the effect of Az treatment (0.5 pM for 6 h) on speck formation by Myc-NLRC4-V341A and Myc-NLRC4-H443P
coexpressed with HA-ASC. White arrows indicate specks. (Scale bars, 20 pm.) (D) Quantitation of the effect of Az treatment (0.5 uM for 6 h, indicated as a plus
symbol) on ASC-speck formation by NLRC4 and its mutants (n = 4). Minus symbol indicates treatment with DMSO used as a solvent control. ***P < 0.0005.

HA-ASC plasmid was used alone without any NLRC4 plasmid as an additional control (Con).

activation by NLRC4-H443P may not be due to loss of direct
NLRCH4 regulation. However, the proposed role of HSC70 in
mediating low-temperature-induced hyperactivation of caspase-1
by the H443P mutant is supported by the following observations.
HSC70 shows enhanced interaction with NLRC4-H443P, and this
interaction is considerably reduced at lower temperature, which is
accompanied by hyperactivation of inflammasome formation and
caspase-1 activation. Unlike the NLRC4-H443P mutant, another
constitutively active mutant (NLRC4-V341A) associated with
autoinflammatory diseases, but not FCAS, showed neither en-
hanced interaction with HSC70 nor an increase in inflammasome
formation upon exposure to subnormal temperature. Treatment
with Az, an inhibitor of ATPase activity of HSC70/HSP70, in-
creased inflammasome formation by NLRC4-H443P but not by
NLRCA4-V341A.

HSC70 performs several functions in the cell, including its role
as a chaperone that helps in folding of newly synthesized proteins
in the cytosol. The chaperone function involves transient interac-
tion of HSC70 with hydrophobic patches in the native and partially
folded/misfolded proteins (40). Based on biochemical and bio-
physical properties, it has been suggested that HSC70 may func-
tion as a thermal sensor in the physiological temperature range of
30 to 37 °C to adjust the chaperoning activity according to the
requirement of the cell (38, 43). HSC70 undergoes an exothermic
reversible transition beginning at about 30 °C, and it is more
sensitive to protease chymotrypsin at 40 °C than at 20 °C, indi-
cating a conformational change (43). These properties of HSC70
support our inference that the reduction of its interaction with the
H443P mutant seen at lower temperature (28 °C) is likely to be
due to a conformational change in HSC70.

Raghawan et al.

Previously, we have shown that in comparison to WT-NLRC4,
the H443P mutant undergoes a higher level of ubiquitination and
interaction with ubiquitinated proteins (44). In comparison to
WT-NLRC4, higher levels of the H443P mutant are seen in
cellular complexes formed by HSC70. However, HSC70 did not
show enhanced interaction with the H443P mutant in GST
pulldown assays unless a deubiquitinase inhibitor was added in
the lysis buffer. We suggest that HSC70 interacts with ubiquitinated
NLRCH4, and a higher level of ubiquitination of the H443P mu-
tant contributes to enhanced interaction with HSC70. It is likely
that ubiquitination induces a conformational change in the H443P
mutant that results in exposure of HSC70-binding sites. An al-
ternate possibility is that ubiquitination stabilizes an open con-
formation of the H443P mutant with exposed HSC70-binding
sites. However, we cannot rule out the possibility of interaction
of ubiquitin with HSC70, although the homologous protein HSP70
does not interact with ubiquitin (52).

The H443P mutation in NLRC4 results in enhanced interaction
with HSC70 as well as HSP70, and these interactions are drasti-
cally reduced at lower temperature. Therefore, it is possible that in
addition to HSC70, HSP70 may be involved in mediating the low-
temperature-induced increase in inflammasome formation and
caspase-1 hyperactivation. However, in comparison to HSC70, the
constitutive expression of HSP70 in cells is very low. Furthermore,
HSP70 generally mediates its effects upon induction by heat shock
or other signals. Our results suggest that the contribution of
HSP70 to cold-induced hyperactivation of inflammasome forma-
tion, if any, is likely to be small.

We conclude that HSC70 interacts with NLRC4 and the
HA443P mutation alters its conformation to favor a more stable
complex with HSC70. Caspase-1 hyperactivation due to the
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Fig. 5. NLRC4-H443P-expressing cells exposed to subnormal temperature show an increase in inflammasome formation and caspase-1 activation. (A)
Representative immunofluorescence images show the effect of exposure to subnormal temperature on ASC-speck formation in cells expressing HA-ASC along
with NLRC4-V341A or NLRC4-H443P. One set of cells was shifted to 28 °C for 6 h after 12 h of transfection, while the other set remained at 37 °C. White arrows
indicate specks. DAPI was used to stain the nucleus. (Scale bars, 20 pm.) (B) Quantitation of ASC-speck formation in response to subnormal temperature (n = 6).
***P < 0.0005. Con, control. (C) Western blot analysis of lysates of HEK293T cells expressing caspase-1 (Casp-1) and HA-ASC along with Myc-NLRC4, Myc-
NLRC4-H443P, or Myc-NLRC4-V341A. One set of cells was exposed to 28 °C for 6 h after 18 h of expression, while the other set remained at 37 °C. Lysates were
analyzed for the presence of cleaved (Cl.) Casp-1 (p10). UT, untransfected. The bar diagrams show quantitation of the effect of exposure to subnormal
temperature on the relative abundance of Cl. Casp-1 normalized with caspase-1 p45 signal (D) and IL-1p normalized with pro-IL-1f signal (E) (n = 6). *P < 0.05.

ns, not significant.

H443P mutation is kept in check by HSC70, as its loss or re-
duction in interaction induced by exposure to cold temperature
results in enhanced caspase-1 activation. Our results therefore
provide an understanding of the molecular mechanism for the
exacerbation of inflammation induced by cold temperature in
individuals carrying the H443P mutation, causative of FCAS.

Methods

Cell Culture, Transfections, and Treatments. Dulbecco’s modified Eagle medium
containing 10% fetal bovine serum (FBS) was used to maintain HEK293T cells
procured from the American Type Culture Collection. RPMI 1640 was supple-
mented with heat-inactivated 10% FBS and used to maintain the human
macrophage cell line THP1. Cells were grown at 37 °C in a water-jacketed in-
cubator, which maintained 5% CO, and controlled humidity. For transient
expression of proteins, plasmids were transfected using Lipofectamine 2000 or
Lipofectamine 3000 (Invitrogen) as per the manufacturer’s protocol. In general,
HEK293T cells showed about 80% transfection efficiency with control GFP,
40 to 50% with GFP-NLRC4, and 20 to 25% with Myc-NLRC4. Electroporation
of THP1 cells was carried out in buffer 2M as described using a Lonza 4D-
Nucleofector X Unit (53).

For siRNA-mediated knockdown of HSC70 or HSP70, HEK293T cells were
seeded in a 24-well tissue culture plate or on coverslips and transfected with
100 pmol of control siRNA, HSC70, or HSP70-siRNA for 24 h. A second
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transfection was carried out after 24 h, with 100 pmol of control or HSC70-
siRNA along with desired plasmids. Lysates were prepared 24 h after the
second transfection for Western blot analysis. For immunofluorescence,
cells on coverslips were fixed using 4% formaldehyde 18 h after the
second transfection.

For inhibiting ATPase activity of HSC70, Az was added to the culture
medium in desired concentrations for 12 h (unless indicated otherwise) after
12 h of transfection with desired plasmids.

For exposure to subnormal temperature, one set of cells expressing the
desired plasmids was maintained at 37 °C, while another set was shifted to
28 °C for 6 h (unless indicated otherwise) after 18 h of transfection.

For indirect immunofluorescence and microscopy, immunostaining of
cells fixed with formaldehyde was carried out as described previously (54).
Immunostained cells were observed and images were captured with an
automated Axiolmager Z.2 (Zeiss) fluorescence microscope using Axiovision
software under a 40x/0.75-numerical aperture dry objective.

Quantitation of Inflammasome Formation by Immunofluorescence. HEK293T
cells plated on coverslips were transfected with hemagglutinin (HA)-tagged
ASC along with Myc-tagged NLRC4 and its desired mutants. Exposure to sub-
normal temperature or treatment with Az was for 6 h after 12 h of transfection.
Cells were fixed 18 h posttransfection and immunostained with HA and
Myc antibodies. In experiments involving siRNA-mediated HSC70 knockdown,
transfections were carried out as described in the previous section, and cells
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Fig. 6.

Exposure to subnormal temperature alters the interaction of NLRC4-H443P with HSC70 and ASC. (A) HEK293T cells expressing Myc-NLRC4 or Myc-

NLRC4-H443P were grown at 37 °C for 24 h or exposed to 28 °C for 6 h after 18 h of expression. Lysates were subjected to IP using agarose-conjugated Myc
antibody, and immunoprecipitates were analyzed by Western blotting. WCL, whole-cell lysate. (B) Quantitation of the relative abundance of endogenous
HSC70 in the immunoprecipitates normalized with Myc signal is shown (n = 4). *P < 0.05. ns, not significant. (C) THP1 cells were differentiated with 10 nM
PMA for 66 h. One set was subjected to 28 °C for 6 h, while the other set was retained at 37 °C. WCLs were subjected to IP using NLRC4 antibody, and
complexes were analyzed by Western blotting. (D) Quantitation of the relative binding of HSC70 with NLRC4 at 37 °C and 28 °C is shown after normalization
with NLRC4 signal in the immunoprecipitates (n = 3). **P < 0.005. (E) THP1 cells were electroporated with Myc-NLRC4-H443P; one set was shifted to 28 °C for
6 h after 64 h of expression, while the other set remained at 37 °C. Cell lysates were subjected to IP using agarose-conjugated Myc antibody, and immu-
noprecipitates were analyzed by Western blotting. (F) Lysates of HEK293T cells expressing GFP-NLRC4 or GFP-NLRC4-H443P were incubated with GST or GST-
HSC70 at the indicated temperatures, and bound proteins were analyzed by Western blotting. (G) Quantitation of relative abundance of NLRC4 or NLRC4-
H443P in pulldown samples of GST-HSC70 shown after normalization with the corresponding GST-HSC70 signal (n = 4). *P < 0.05. (H) HEK293T cells were
transfected with GFP-NLRC4-H443P along with HA-ASC, and exposed to 28 °C for 4 h after 12 h of transfection. Lysates were prepared 16 h posttransfection
and subjected to IP using agarose-conjugated HA antibody. Western blot analysis shows an increase in binding of ASC with NLRC4-H443P upon exposure to

subnormal temperature. Con, control.

were fixed 42 h posttransfection. Immunostained cells were observed under a
fluorescence microscope and scored for the presence of specks in coexpressing
cells. Data are presented as mean + SD of the percentage of cells forming
specks from at least 3 independent experiments done in duplicate. At least
300 expressing cells from each coverslip were examined.

Co-IP and Western Blotting. For IP of Myc/GFP/HA-tagged proteins expressed
in HEK293T cells, agarose-conjugated Myc/GFP/HA antibody was used as
described earlier (44). For IP of endogenous NLRC4, THP1 cells were differ-
entiated into macrophage-like cells by treatment with 10 nM phorbol 12-
myristate 13-acetate (PMA) for 72 h. Differentiated cells were washed with
ice-cold phosphate-buffered saline (PBS), followed by lysis in buffer con-
taining 20 mM Tris-HCI (pH 7.5), 0.5% Nonidet P-40, 150 mM Nacl, 0.5 mM
ethylenediaminetetraacetic acid (EDTA), 1 mM phenylmethylsulfonyl fluo-
ride (PMSF), 0.1% bovine serum albumin, protease inhibitor mixture, and
10 mM NEM (a deubiquitinase inhibitor). Cells were scraped and collected in
a precooled microfuge tube and allowed to undergo lysis at 4 °C for 30 min
on a Roto-Torque. Lysate was centrifuged (10,000 x g for 10 min at 4 °C) to
remove cellular debris. Two micrograms of NLRC4 antibody or control im-
munoglobulin G was incubated with agarose-conjugated protein A/G for 2 h
at 4 °C before being added to the cell lysates and incubated for 8 h at 4 °C
on a Roto-Torque. The bound proteins were washed 3 times with buffer
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containing 150 mM NacCl, 20 mM Tris-HCI (pH 7.5), 1 mM PMSF, 0.5 mM
EDTA, protease inhibitor mixture, and 10 mM NEM. Immunoprecipitates
were lysed in sodium dodecyl sulfate containing Laemmli sample buffer. The
samples were then subjected to Western blot analysis as described by
Shivakrupa et al. (54).

Quantification of Western Blots. Bands were quantitated using ImageJ software
(NIH). For quantification of IP blots, intensities of co-IP bands were normalized
with the intensities of IP bands. For estimating caspase-1 activation, the amount
of cleaved caspase-1 (p10) was normalized with full-length caspase-1 (p45)
signal, and mature IL-1p was normalized with pro-IL-1p signal.

GST Pulldown Assays. Escherichia coli BL-21 DE-3 cells transformed with
plasmid expressing the desired GST-tagged protein were induced for protein
expression by 1 mM isopropyl p-b-thiogalactoside for 15 h at 18 °C. Bacterial
cells were lysed by sonication in chilled PBS containing 1 mM PMSF and
protease inhibitors. Triton X-100 (1%) was added for solubilization and left
for 30 min at 4 °C. Lysate was centrifuged for 10 min at 4 °C and 10,000 x g
to remove the insoluble fraction. Glutathione-agarose beads (50% slurry)
were added to the supernatant and incubated on a Roto-Torque at 4 °C for
1 h to pull down GST-fusion protein. The beads were pelleted (3,000 x g at
4 °C for 1 min), washed 3 times with chilled PBS (containing 1 mM PMSF and
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Proposed model for regulation of NLRC4-H443P by HSC70 upon exposure to lower temperature. NLRC4 is present in an inactive closed configuration with

low levels of ubiquitination (Ub) and weak binding to HSC70. The mutation of H443 to proline causes a conformational change in NLRC4, which enables enhanced
ubiquitination and more stable interaction with HSC70. The H443P mutant shows constitutive caspase-1 activation and moderate IL-1f maturation, causing mild
inflammation. Upon exposure of cells to subnormal temperature, HSC70 undergoes a conformational change that lowers its ability to interact with H443P. This
allows increased ASC-speck formation by H443P, and caspase-1 hyperactivation leading to enhanced IL-1f maturation and hyperinflammation. This mechanism of the
differential interaction of HSC70 with H443P in response to subnormal temperature explains the hyperinflammation seen in FCAS patients carrying this mutation.

0.1% Triton X-100), and incubated with lysates of HEK293T cells (prepared in
buffer containing 20 mM Tris-HCI [pH 7.5], 0.5% Nonidet P-40, 150 mM NaCl,
0.5 mM EDTA, 1 mM PMSF, 10 mM NEM [optional], and protease inhibitor
mixture) transiently expressing the desired proteins for 20 to 30 min at 37 °C,
28 °C, or 4 °C on a Roto-Torque. Unbound proteins were removed by
washing 3 times at 4 °C, and bound proteins were boiled in Laemmli sample
buffer and analyzed by Western blotting.

Statistical Analysis. Quantitative data are represented as mean =+ SD values. A
two-tailed Student’s t test was used to calculate the significance of differences
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