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ABSTRACT  Pyroptosis is proinflammatory cell death that occurs in response to certain 
microbes. Activation of the protease caspase-1 by molecular platforms called inflammasomes 
is required for pyroptosis. We performed a cellular genome-wide association study (GWAS) 
using Salmonella typhimurium infection of human lymphoblastoid cell lines as a means of dis-
secting the genetic architecture of susceptibility to pyroptosis and identifying unknown regu-
latory mechanisms. Cellular GWAS revealed that a common human genetic difference that 
regulates pyroptosis also alters microtubule stability. An intergenic single-nucleotide poly-
morphism on chromosome 18 is associated with decreased pyroptosis and increased expres-
sion of TUBB6 (tubulin, β 6 class V). TUBB6 is unique among tubulin isoforms in that its over-
expression can completely disrupt the microtubule network. Cells from individuals with 
higher levels of TUBB6 expression have lower microtubule stability and less pyroptosis. 
Reducing TUBB6 expression or stabilizing microtubules pharmacologically with paclitaxel 
(Taxol) increases pyroptosis without affecting the other major readout of caspase-1 activation, 
interleukin-1β secretion. The results reveal a new role for microtubules and possibly specific 
tubulin isoforms in the execution of pyroptosis. Furthermore, the finding that there is com-
mon diversity in TUBB6 expression and microtubule stability could have broad consequences 
for other microtubule-dependent phenotypes, diseases, and pharmacological responses.

INTRODUCTION
Microbial pathogens manipulate the host cell cytoskeleton during 
infection to promote cellular invasion, intracellular movement, and 
replication (Haglund and Welch, 2011). Bacterial effects on the actin 
cytoskeleton are well defined and include Salmonella-induced actin-
based macropinocytosis to promote bacterial epithelial invasion 
(Francis et  al., 1993) and actin-based cytoplasmic motility by 

Shigella spp. and Listeria monocytogenes (Tilney and Portnoy, 
1989). For Salmonella, a precisely orchestrated remodeling of the 
actin cytoskeleton promotes invasion. These dramatic changes are 
directed by multiple effectors injected through a type III secretion 
system (SPI-1; Haraga et al., 2008). Later in Salmonella infection, a 
different type III secretion system (SPI-2) injects other effectors 
across the phagosome membrane, including SifA and PipB2, which 
regulate microtubule-dependent positioning and vesicular transport 
from Salmonella’s intracellular niche (Leone and Meresse, 2011).

Host cells direct their own dramatic changes in response to 
pathogens. One rapid response to intracellular bacteria is the rec-
ognition of pathogen-associated molecular patterns and the for-
mation of molecular scaffolds called inflammasomes (Martinon 
et al., 2002; Lamkanfi and Dixit, 2011). Inflammasomes activate the 
caspase-1 protease, which can trigger a unique cell death process 
called pyroptosis and also lead to cleavage and secretion of 
the proinflammatory cytokines interleukin-1β (IL-1β) and IL-18 
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genes (i.e., cis–expression quantitative trait loci [cis-EQTL]) were 
more likely to be true positives (Ko et al., 2012). We characterized 
SNP rs514182 as meeting these criteria and functionally validated 
the effect of this SNP and the affected gene (APIP) through multiple 
approaches (Ko et al., 2012). Two of the four uncharacterized cis-
EQTL with p < 0.001 for association with pyroptosis are <400 base 
pairs apart in an intergenic region between the cell death-inducing 
DFFA-like effector a (CIDEA) and TUBB6 genes on chromosome 18 
(rs9807444 and rs9303768; Figure 1A). The chromosomal location 
of these genes is well conserved in placental mammals, including 
mice. The two SNPs are in strong linkage disequilibrium (LD; R2 = 1.0 
in Utah residents with ancestry from northern and western Europe 
[CEU]; R2 = 0.84 in Yoruba from Ibadan, Nigeria [YRI]) and are likely 
signals due to the same causal SNP. The rest of this article focuses 
on rs9807444.

The derived, minor allele of rs980744 (C) was associated with 
less pyroptosis. This was observed in the combined family-based 
association of CEU and YRI samples (table within Figure 1A), as well 
as when each population was examined individually (Figure 1B). 
How might this genetic difference be altering pyroptosis? The previ-
ous characterization of CIDEA as a regulator of cell death (Inohara 
et al., 1998) made it appear to be the likeliest candidate gene in the 
region. However, the SNP was associated with the expression level 
of TUBB6 (Figure 1C) based on mining expression data from the 
same LCLs (Stranger et al., 2007), as well as a separate German pri-
mary monocyte data set (Zeller et al., 2010). In addition, examina-
tion of a recent analysis of HapMap phase 3 LCLs (Stranger et al., 
2012) uncovered an association between rs9807444 and TUBB6 ex-
pression to varying degrees in eight different populations but not 
with any of the other nearby genes, including CIDEA (Figure 1D). 
Finally, TUBB6 protein levels from a recent proteomics study of 
some of the same LCLs (Wu et  al., 2013) demonstrated that 
rs9807444 is associated with the level of TUBB6 protein (Figure 1E). 
Thus the expression data suggested that rs9807444 (or another 
genetic change in LD) could be affecting pyroptosis by altering the 
expression of TUBB6.

TUBB6 is an inhibitor of pyroptosis
The fact that the minor allele of rs9807444 is associated with higher 
levels of TUBB6 expression and lower levels of pyroptosis suggested 
that TUBB6 is an inhibitor of pyroptosis. Experiments decreasing 
expression of TUBB6 by RNA interference (RNAi) or its overexpres-
sion by transfection supported this hypothesis. Reducing TUBB6 
expression (Figure 2A) had no effect on viability of uninfected cells 
but increased S. typhimurium-induced pyroptosis in both LCLs 
(Figure 2B) and THP-1 monocytes (Figure 2C). In contrast, no effect 
was seen with small interfering RNAs (siRNAs) directed against the 
neighboring CIDEA gene. THP-1 monocytes allow for the measure-
ment of IL-1β release as a second measure of caspase-1 activation. 
TUBB6 knockdown increased pyroptosis while not altering IL-1β se-
cretion (Figure 2D), indicating that TUBB6 only affects the cell death 
aspect of the pathway and likely acts downstream of caspase-1 
activation.

TUBB6 also inhibited caspase-1–mediated cell death in an 
overexpression system. HEK-293 cells have been used as a cell line 
for inflammasome reconstitution as they are easily transfected and 
do not express caspase-1 or other inflammasome components 
(Agostini et al., 2004). We previously demonstrated that another 
inhibitor of pyroptosis identified by our Hi-HOST screen, APIP, in-
hibited caspase-1–mediated cell death, whereas overexpression of 
inflammasome components ASC and NLCR4 increased cell death 
(Ko et al., 2012). Coexpression of TUBB6 with caspase-1 strongly 

(Fink and Cookson, 2006). Pyroptosis is a rapid, proinflammatory 
process that likely serves as a means for destroying the niche for 
intracellular bacteria (Miao et  al., 2010). Although microtubules 
have been demonstrated to undergo substantial remodeling dur-
ing the noninflammatory cell death process of apoptosis (Moss 
and Lane, 2006), their role in pyroptosis has not been examined. 
Intriguingly, the microtubule-depolymerizing drug colchicine is 
used to treat both common and rare inflammatory diseases that 
involve activation of caspase-1, such as gout and familial Mediter-
ranean fever (Terkeltaub, 2009). However, a mechanism linking mi-
crotubules directly to pyroptosis is unknown.

Previously we used a functional cellular genome-wide associa-
tion screen (high-throughput human in vitro susceptibility testing 
[Hi-HOST]) to identify common genetic differences that are associ-
ated with variation in susceptibility of cells to Salmonella typhimu-
rium–induced pyroptosis. We discovered that a nonsense mutation 
in a known caspase-1 inhibitor (CARD8; Ko et al., 2009) and a single-
nucleotide polymorphism (SNP) associated with expression of a 
gene encoding a methionine salvage enzyme (apoptotic protease 
activating factor 1–interacting protein [APIP]; Ko et al., 2012) were 
associated with the pyroptosis phenotype. As would be expected 
for a complex polygenic trait, each of these variants contributes a 
small fraction to the overall genetically inherited variance (heritabil-
ity) of the trait. For pyroptosis in human lymphoblastoid cell lines 
(LCLs), we previously estimated a heritability of 15% (Ko et al., 2009), 
and the SNP affecting expression of the methionine salvage enzyme 
APIP accounts for ∼2% of the total variation (Ko et  al., 2012). 
Although such differences may seem small, the same SNP near APIP 
cut the odds of mortality in systemic inflammatory response syn-
drome in half (Ko et al., 2012). Thus variants that have small but 
reproducible effects in cellular phenotypes can have profound con-
sequences for human health.

We now report that a previously uncharacterized human SNP, 
found to have an even stronger association with the pyroptosis phe-
notype, affects the expression of a novel isoform of β-tubulin 
(TUBB6; GenBank accession NM_032525). TUBB6 is unique among 
tubulin isoforms in that even modest overexpression destabilizes 
microtubules and results in resistance to the microtubule-stabilizing 
drug paclitaxel (Bhattacharya and Cabral, 2004, 2009). We demon-
strate that natural variation for higher expression of TUBB6 is associ-
ated with reduced microtubule stability and lower susceptibility to 
pyroptosis. Consistent with a role for microtubules affecting pyrop-
tosis downstream of caspase-1, TUBB6 knockdown or paclitaxel 
treatment of cells to pharmacologically stabilize microtubules in-
creased pyroptosis without affecting IL-1β. Our results demonstrate 
that common genetic variation altering microtubule stability can 
regulate the inflammatory cell death response independent of 
cytokine secretion.

RESULTS
SNP associated with TUBB6 expression is associated 
with pyroptosis
We previously carried out a genome-wide association screen of 
naturally occurring human genetic variation in Salmonella-induced 
cell death, or pyroptosis (Ko et al., 2009, 2012). Briefly, >400 LCLs 
from different people were measured for susceptibility to cell death 
in response to S. typhimurium. Because all of these LCLs had been 
genotyped by the HapMap project (International HapMap et  al., 
2010), we were able to identify human genetic differences that cor-
related with the percentage of cells that underwent pyroptosis. In an 
earlier study, we demonstrated that SNPs associated with pyropto-
sis with p < 0.001 and also associated with the expression of nearby 
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death. Similar specificity was seen regarding the caspase. 
Caspase-9, an initiator caspase central to apoptosis, also induced 
cell death in HEK-293s when overexpressed, but TUBB6 coexpres-
sion had no effect (Figure 2E). Thus the overexpression studies 

inhibited caspase-1–mediated cell death without affecting the ex-
pression of caspase-1 (Figure 2E). The effect of TUBB6 is highly 
specific—overexpression of a different β-tubulin gene, TUBB 
(tubulin, β class I), was unable to inhibit caspase-1–mediated cell 

FIGURE 1:  An intergenic SNP between the TUBB6 and CIDEA genes (rs9807444) is associated with Salmonella-induced 
cell death and TUBB6 expression. (A) rs9807444 is associated with pyroptosis. The p values for family-based association 
are given for the original screen (Ko et al., 2009), the replication screen, and the combined data sets (Ko et al., 2012). 
Coordinates are given for human genome release hg18. The genomic region around rs9807444 and rs9303768 (both 
SNPs indicated by green circle) shows extensive linkage disequilibrium (LD) encompassing the SNP and extending into 
the TUBB6 gene. LD is shown for CEU population. (B) The derived (C) allele of rs9807444 is associated with higher levels 
of Salmonella-induced cell death assessed by 7-AAD. Mean-centered percentage dead cells are plotted for HapMap 2 
and 3 CEU LCLs, with mean and SD in red. The table lists mean-centered genotypic values for CEU and YRI populations 
analyzed separately, with p values from family-based association analysis (QFAM-parents). (C) The derived allele of 
rs9807444 is associated with higher TUBB6 RNA levels. TUBB6 expression from the CEU LCLs is plotted from the 
Stranger et al. (2007) data set. An association in the same direction is verified in YRI LCLs (although not statistically 
significant) and in a German monocyte data set (Zeller et al., 2010). For CEU and YRI, genotypic means and p values 
(analysis of variance [ANOVA]) are from parents only. (D) rs9807444 is only associated with expression of TUBB6 and not 
other genes in the region. The −log p values are plotted from Stranger et al. (2012) using Genevar. (E) The derived allele 
of rs9807444 is associated with higher TUBB6 protein levels. TUBB6 protein levels are plotted from measurements of 
LCLs by Wu et al. (2013) by isobaric tag-based mass spectrometry. The p value is from ANOVA.
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progression (Bhattacharya et al., 2008). Furthermore, TUBB6 is func-
tionally distinct as the only β-tubulin isoform that severely destabi-
lizes microtubules when overexpressed (Bhattacharya and Cabral, 
2004). More recent studies indicate that this microtubule destabili-
zation is due to increased rates of microtubule shortening with pro-
longed phases of uninterrupted depolymerization and increased 
detachment of microtubules from the centrosome (Bhattacharya 
et  al., 2011). We verified the microtubule-destabilizing effect of 
TUBB6 overexpression and examined how naturally occurring varia-
tion in expression of TUBB6 among LCLs affected this phenotype.

In agreement with previous studies (Bhattacharya et al., 2008), 
overexpression of TUBB6 destabilized microtubules based on the 
level of acetylated tubulin (Figure 3A). This posttranslational modifi-
cation on lysine 40 of α-tubulin occurs preferentially on stable po-
lymerized microtubules and has been used as a marker of microtu-
bule stability (Maruta et  al., 1986; Bhattacharya et  al., 2011). To 
determine whether similar changes in microtubule stability are also 
observed with interindividual variation in TUBB6 expression, we 
measured both the expression of TUBB6 and the level of acetylated 
tubulin in LCLs (Figure 3B). Cells with higher TUBB6 expression con-
tained lower amounts of acetylated tubulin (Figure 3C). As a more 
direct measure of microtubule stability, we used a flow cytometric 
assay for measuring relative levels of polymerized microtubule mass 
(Morrison and Hergenrother, 2012). As predicted, polymerized mi-
crotubule mass was reduced in LCLs that had less acetylated tubulin 
and higher TUBB6 expression (Figure 3D). To confirm these results 
in a second cell type, we measured TUBB6 mRNA and acetylated 
tubulin levels in primary fibroblasts from different individuals and 
observed an even more significant inverse correlation between 
TUBB6 expression and microtubule acetylation than in the LCLs 
(Figure 3E). Our data provide strong evidence that natural variation 
in TUBB6 expression, which can partially be attributed to the 
rs9807444 SNP, results in differences in microtubule stability among 
people.

Microtubules are rapidly broken down during pyroptosis
Our finding that natural variation in the expression of a microtu-
bule-destabilizing β-tubulin isoform regulates pyroptosis raised 
the question of how microtubules are altered during induction of 
the inflammatory cell death process. Given that the formation of a 
stable subplasma membrane microtubule “cocoon” has been 
noted during late stages of apoptosis (Sanchez-Alcazar et  al., 
2007), we asked whether a similar reorganization occurred during 
pyroptosis and could perhaps explain the effects of TUBB6 on 
pyroptosis. Instead, we observed a rapid dissolution of the micro-
tubule network within minutes of Salmonella infection. This was 
observed by both flow cytometry of stained THP-1 monocytes 
(Figure 4A) and by fluorescence microscopy of mouse bone mar-
row–derived macrophages (BMMs), which allowed for examination 
of morphology over time and assessment of the role of caspase-1 
in this process (Figure 4, B and C). By 15 min, cells with active cas-
pase-1 (based on the appearance of “inflammasome foci” stain-
ing; Fink et al., 2008) were a mixed population of cells with intact, 
disrupted/diffuse, or absent microtubule staining. By 60 min, nearly 
all cells with inflammasome foci had absent microtubule staining. 
The observed loss of microtubules required caspase-1, as it was 
not observed in casp1−/− BMMs (Figure 4D). Casp1−/− mice lack 
both casp1 and neighboring casp11, but it has been demonstrated 
that Salmonella-induced pyroptosis requires only caspase-1 (Broz 
et al., 2010). Furthermore, this dissolution of the microtubule net-
work was also observed using a different inducer of caspase-1, 
Francisella novicida (Figure 4E).

agree with the RNAi experiments and the association data, provid-
ing multiple independent lines of evidence that TUBB6 inhibits 
pyroptosis.

Variation in TUBB6 expression alters stability 
of microtubules
Our data demonstrate that TUBB6 regulates pyroptosis and that 
there is common variation affecting the expression of this gene. 
Previous studies examining the effects of the different isoforms of 
β-tubulin found that although TUBB6 is a minor β-tubulin compo-
nent (making up ∼5% of total β-tubulin), it is essential for cell cycle 

FIGURE 2:  TUBB6 is an inhibitor of pyroptosis. (A) Knockdown of 
TUBB6 expression in LCL 12812 and THP-1 quantified by quantitative 
PCR. Expression of TUBB6 RNA is relative to cells treated with 
nontargeting siRNA. (B) RNAi against TUBB6 but not CIDEA in LCL 
12812 increases cell death in response to S. typhimurium (MOI30) 
assessed at 3 h by 7-AAD staining. Increased cell death with TUBB6 
RNAi was also noted in LCL 19239 (p = 0.001). (C) RNAi against 
TUBB6 in THP-1 monocytes increases cell death in response to 
S. typhimurium (MOI30) assessed at 3 h by 7-AAD staining. (D) RNAi 
against TUBB6 in THP-1 monocytes has no effect on secreted IL-1β in 
response to S. typhimurium (MOI30). (E) Overexpression of TUBB6 in 
HEK-293T cells inhibits cell death induced by caspase-1 but not 
caspase-9. Cells were transfected with the indicated human caspase 
constructs and TUBB6-Flag, TUBB-Flag, or empty vector. At 23 h 
posttransfection, supernatants were assayed for cytotoxicity. Western 
blots demonstrated equal expression of caspases with or without 
TUBB6-flag coexpression. For A–E, mean, SEM, and p values (paired 
t tests) are from duplicate readings from four to six independent 
experiments.
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The data indicate that microtubules un-
dergo rapid caspase-1–dependent break-
down during pyroptosis. However, we found 
it puzzling that cells with less TUBB6 and 
more stable microtubules displayed 
increased pyroptosis. Live-cell imaging of 
morphology (by differential interference 
contrast [DIC]), microtubules (EMTB-3xGFP), 
and membrane integrity (7-aminoactinomy-
cin D [7-AAD]) during Salmonella infection in 
macrophages was used to determine the 
temporal relationship of microtubule break-
down to other events during pyroptosis 
(Figure 4F and Supplemental Movie S1). We 
observed that microtubule breakdown oc-
curred at the same time as initial 7-AAD 
staining. Thus loss of microtubules could be 
secondary to loss of nucleotides or other cel-
lular components with membrane rupture, 
although caspase-1 could also play an active 
role, as α-tubulin is reported to be a cas-
pase-1 substrate (Shao et al., 2007). By DIC, 
the cells began to appear rounder and grad-
ually swell in size by 6.0 min (±5.1 min) 
before microtubule loss and 7-AAD staining. 
This swelling continued after membrane 
rupture for 11.2 min (±2.3 min). These micro-
scopic observations are consistent with py-
roptosis being dependent on the formation 
of caspase-1–dependent pores resulting in 
cellular swelling followed by osmotic lysis 
(Fink and Cookson, 2006). Consideration of 

FIGURE 3:  Variation in TUBB6 expression alters microtubule stability. (A) Overexpression of 
TUBB6 in HEK-293 cells reduces microtubule stability based on amount of acetylated α-tubulin. 
Cells were transfected to overexpress the indicated protein or treated with 50 nM paclitaxel. 
After 40 h, cell extracts were harvested and immunoblotted for acetylated α-tubulin and total 
α-tubulin. TUBB6 overexpression decreased acetylated tubulin. Blots are representative of three 
different experiments. Values below the blots show the relative amount of acetylated tubulin, 
normalizing for the amount of total α-tubulin and setting the GFP transfected cells to a value of 
1. Mean, SEM, and p value are calculated from quantification of blots from three different 
experiments. (B) TUBB6 expression and acetylated tubulin in LCLs. TUBB6 mRNA was measured 
by Taqman real-time PCR assay using 18S expression as the control. Data are the mean and SEM 
from three experiments. Bar graphs are color coded by genotype: TT, white; CT, gray; and CC, 
black. From the same LCLs, the amounts of acetylated α-tubulin and total α-tubulin are shown 
below the bar graph. Blots are representative of three experiments. (C) TUBB6 expression and 
acetylated tubulin are inversely related in LCLs. Mean relative TUBB6 expression was plotted vs. 
the mean amount of acetylated α-tubulin normalized for total α-tubulin. The points are the mean 
TUBB6 expression and mean acetylated tubulin values from three separate experiments for 
eight LCLs. The plot displays an inverse relationship, with p = 0.005 for significantly nonzero 
slope. Dashed lines show 95% confidence intervals. Higher levels of TUBB6 are correlated with 
lower levels of acetylated tubulin. (D) The amount of polymerized tubulin is reduced in LCLs that 
have less acetylated tubulin and higher TUBB6 expression. The two LCLs with the lowest and 

highest levels of acetylated tubulin in C were 
stained for anti–tubulin-FITC using a method 
that stains preferentially for polymerized 
tubulin by permeabilizing at the same time as 
fixation (Morrison and Hergenrother, 2012). 
Geometric mean intensity for the four LCLs is 
normalized to 100 for LCL 7056. LCL 7357 
gave similar staining intensity, whereas the 
two LCLs with the lowest level of acetylated 
tubulin (10838 and 12812) had lower staining 
intensity. Mean, SEM, and p values (paired 
t tests) are from three independent 
experiments. As a control for severely 
reduced polymerized tubulin, the intensity of 
colchicine treated LCLs is also shown (gray) 
and found to be ∼40% of the untreated level 
for 7357. (E) TUBB6 expression and 
acetylated tubulin are inversely related in 
primary fibroblasts. Mean relative TUBB6 
expression was plotted vs. the mean amount 
of acetylated α-tubulin normalized for total 
α-tubulin. The points are the mean TUBB6 
expression and mean acetylated tubulin 
values from three separate experiments for 
fibroblasts from eight individuals. The plot 
displays an inverse relationship, with p = 
0.001 for significantly nonzero slope. Dashed 
lines show 95% confidence intervals. Higher 
levels of TUBB6 are correlated with lower 
levels of acetylated tubulin.
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the microscopic observations in light of the functional TUBB6 RNAi 
and overexpression assays suggested that intact microtubules pro-
mote pyroptosis downstream of caspase-1 activation but before 
membrane lysis, when they are rapidly dismantled. To test the model 
that more-stable microtubules promote pyroptosis, we examined the 
effects of well-characterized drugs that alter microtubule stability.

Stabilization of microtubules with paclitaxel increases 
pyroptosis likely subsequent to pore formation
On the basis of our observations with TUBB6, we predicted that 
stabilizing microtubules pharmacologically would also increase 
pyroptosis. Addition of paclitaxel to stabilize microtubules in-
creased Salmonella-induced pyroptosis in both THP-1s and LCLs 
(Figure 5A and Supplemental Figure S1A). This was observed 
whether cell death was measured with a membrane-impermeable 
DNA dye (7-AAD) or through release of a cytosolic protein 
(Figure 5B). Also consistent with what was observed with TUBB6 
depletion, IL-1β secretion was unaltered by paclitaxel treatment 
(Figure 5C). The effect of paclitaxel was also observed with 
Francisella-induced pyroptosis, although the overall level of cell 
death observed was less than with Salmonella (Figure 5D). Thus, 
enhanced microtubule stability, either by paclitaxel or reduced 
expression of TUBB6, increased pyroptosis.

We suspected that destabilizing microtubules with colchicine 
might have the opposite effect on pyroptosis, but colchicine (or 
nocodazole; unpublished data) also resulted in an increase in py-
roptosis (Figure 5A). This effect is likely secondary to an increased 
interaction of Salmonella with the host cells that obscures the ef-
fects of microtubule destabilization on other subsequent events. In 
contrast to what was observed with paclitaxel, colchicine increased 
Salmonella-dependent IL-1β secretion in the THP-1 cells (Figure 
5C), suggesting that microtubule depolymerization affects an early 
event before caspase-1 activation. More important, colchicine in-
creased Salmonella invasion of HeLa cells (which do not undergo 
pyroptosis), whereas paclitaxel had no effect (Supplemental Figure 
S1B). These results suggest that disruption of microtubules by 
colchicine increases Salmonella interaction with host cells, resulting 
in increased caspase-1 activation and causing both increased 
pyroptosis and IL-1B secretion. In contrast, the microtubule stabili-
zation effects of the TUBB6 SNP or paclitaxel are downstream of 
caspase-1 activation, resulting in only increased pyroptosis without 
altering IL-1β secretion.

Because colchicine and paclitaxel can both inhibit microtubule 
dynamics without disrupting stability at lower doses (Jordan et al., 
1993; Yvon et al., 1999), we also considered the possibility that the 
increase in pyroptosis observed with both drugs could be due to 
inhibition of microtubule dynamics as opposed to alteration of lev-
els of polymerized microtubules. However, we observed that effects 
on pyroptosis only occurred with doses of the drugs that changed 
microtubule stability, based on quantitative flow cytometric mea-
surements of polymerized microtubule mass (Figure 5E). Colchicine 
completely disrupted microtubules at 500 nM (Figure 5E, inset) but 
not at the lower doses tested, and we saw increased pyroptosis only 
at this highest dose—lower doses that inhibited dynamics but did 

FIGURE 4:  Microtubules are disrupted during the execution of 
pyroptosis. (A) Staining of THP-1 monocytes after S. typhimurium 
infection demonstrates a loss of microtubule staining. THP-1 cells 
were stained for β-tubulin 2 h after S. typhimurium infection (MOI 30), 
and fluorescence was measured by flow cytometry and plotted on the 
histogram. Uninfected cells are in black, and S. typhimurium–infected 
cells are in red. Bar graphs display mean percentage cells with absent 
microtubule staining and SEM from four independently infected and 
stained samples. (B) Microtubule staining in Salmonella-infected 
BMMs shows rapid breakdown of microtubules. Cells were incubated 
with FLICA reagent for active caspase-1 (red), infected with 
S. typhimurium (MOI10), fixed at the indicated time, and stained for 
microtubules (green). Cells with active caspase-1 at 15 min 
postinfection have disrupted microtubule staining that proceeds to a 
complete loss of staining by 60 min. (C) Quantification of BMM 
staining as imaged in C. At least 50 cells with active caspase-1 
(FLICA+) were examined for each condition. (D) Microtubule staining 
of Salmonella-infected casp1−/− BMMs at 60 min show no signs of 
microtubule disruption. (E). Microtubule staining in Francisella-
infected BMMs demonstrates microtubule breakdown by 2 h. All 
microtubule staining shown was conducted with an α-tubulin 
antibody, but equivalent staining was observed using a β-tubulin 
antibody. (F) Live-cell imaging of RAW264.7 macrophages during 

S. typhimurium infection demonstrates temporal order of events 
during pyroptosis. Images shown are 2 min apart. Arrowheads show 
that cellular swelling (DIC, second panel and increasing in subsequent 
panels) initiates before microtubule disruption (EMTB-3xGFP, third 
panel) and membrane lysis (nuclear 7-AAD, third panel). Bar, 30 μm. 
For the accompanying movie, see Supplemental Movie S1.
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not completely disrupt microtubules had no effect on pyroptosis. In 
contrast, increasing paclitaxel resulted in a gradual increase in 
polymerized microtubule mass that mirrored the gradual increase in 
pyroptosis. However, there is an upper limit to this effect on pyrop-
tosis. Doses >100 nM continued to increase polymerized microtu-
bule mass without further increasing pyroptosis. Thus, although the 
colchicine data indicate that the presence of intact microtubules is 
not an absolute requirement for pyroptosis, microtubule stabiliza-
tion with paclitaxel clearly increases pyroptosis in a dose-dependent 
but saturable manner.

Pyroptosis proceeds by the formation of caspase-1–dependent 
pores followed by osmotic lysis (Fink and Cookson, 2006). If micro-
tubule stabilization exerted its effects subsequent to pore forma-
tion, then microtubule stabilization would be predicted to increase 
cell death regardless of the mechanism of pore formation. There-
fore, we tested the bacterial pore-forming toxin streptolysin O, 
which forms 30-nm pores through direct protein insertion into the 
plasma membrane (Bhakdi et al., 1985). Remarkably, we observed 
that paclitaxel increased cell death caused by streptolysin O. (Figure 
5F). Destabilizing microtubules with colchicine had the opposite ef-
fect and decreased cell death due to streptolysin O (Figure 5F). 
Thus, when we bypassed caspase-1 activation and simply inserted 
pores into the plasma membrane, microtubule stabilization still 
increased cell death, and microtubule depolymerization had the 
opposite effect and decreased cell death. In contrast, no effect of 
paclitaxel was observed when cell death was induced with Triton 
X-100 (Figure 5G), a nonionic detergent that does not form pores 
but instead causes lysis by disrupting hydrogen bonding within the 
plasma membrane (Koley and Bard, 2010). Our results demonstrate 
that microtubule stabilization renders the plasma membrane more 
susceptible to lysis regardless of the mechanism of pore formation. 
We conclude that stable microtubules are most likely affecting a 
step in the execution of pyroptosis during or after pore formation 
but before cellular lysis.

FIGURE 5:  Paclitaxel stabilization of microtubules increases 
Salmonella-induced pyroptosis and cell death due to a pore-forming 
toxin. (A) Paclitaxel and colchicine both increase Salmonella-induced 
pyroptosis. THP-1s were treated for 30 min with 500 nM paclitaxel or 
colchicine before infection with S. typhimurium MOI30. Cells were 
assayed with 7-AAD staining and flow cytometry at 3 h after initial 
infection. (B) Paclitaxel increases pyroptosis as measured by release of 
cytosolic protein. THP-1s were treated for 30 min with 500 nM 
paclitaxel before infection with S. typhimurium MOI30. Cells were 
assayed with Cytotox-Glo at 3 h after initial infection. (C) Paclitaxel 
does not alter active IL-1β release from THP-1s presimulated 
overnight with LPS (20 ng/ml) and then infected with S. typhimurium 

(MOI30, 3 h), whereas colchicine results in a substantial increase. 
(D) Paclitaxel increases F. novicida–induced pyroptosis. THP-1s were 
incubated overnight with 20 ng/ml LPS and treated with paclitaxel 
(500 nM) for 30 min before infection. (E) Paclitaxel and colchicine 
dose–response curves for polymerized microtubule mass and 
pyroptosis indicate that microtubule stabilization progressively 
increases pyroptosis. Paclitaxel or colchicine was added to cells 
30 min before infection at the indicated doses. Colchicine had no 
effect on pyroptosis except at the highest dose of colchicine 
(500 nM), which resulted in near-complete loss of microtubules. 
Paclitaxel gradually increased polymerized microtubule mass and also 
caused a gradual increase in pyroptosis until 100 nM, at which further 
stabilization of microtubules had no further effect on pyroptosis. Inset 
micrographs are of microtubule staining at 0 and 500 nM paclitaxel 
and 500 nM colchicine. (F) Microtubules regulate cell death induced 
by the pore-forming toxin streptolysin O. THP-1s were treated for 
30 min with 500 nM paclitaxel, 500 nM colchicine, or buffer before 
addition of streptolysin O (200 U). Cells were assayed with 7-AAD 
staining and flow cytometry at 90 min and 3 h after addition of 
streptolysin O. Paclitaxel increased cell death, whereas colchicine 
decreased cell death. (G) Microtubules have no effect on cell death 
induced by the detergent Triton X-100. THP-1s were treated for 
30 min with 500 nM paclitaxel, 500 nM colchicine, or buffer before 
addition of Triton X-100 (250 μM). Cells were assayed with 7-AAD 
staining and flow cytometry at 45 min, 90 min, and 3 h after addition 
of Triton X-100. No effect on cell death was seen with either paclitaxel 
or colchicine. For A–F data are mean ± SEM for three or four separate 
experiments, and p value is for paired t test.
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that this leads to altered microtubule stability. 
Although the nearby CIDEA gene, a known 
regulator of cell death, was initially viewed 
as a more plausible candidate gene in the 
region, no association was observed with 
CIDEA expression, and RNAi against this 
gene had no effect on pyroptosis. In con-
trast, cells from individuals with the minor 
allele of rs9807444 had higher TUBB6 gene 
expression and less pyroptosis, consistent 
with TUBB6 acting as an inhibitor of pyrop-
tosis. We verified the inhibitory activity of 
TUBB6 on caspase-1–mediated cell death 
both by RNAi and overexpression. Further-
more, stabilizing microtubules with pacli-
taxel also increased pyroptosis. Thus genetic 
association data for TUBB6, experimental 
manipulation of TUBB6 expression, and 
drug treatment all support our findings that 
microtubule stability regulates execution of 
pyroptosis and there is interindividual varia-
tion in this proinflammatory phenotype.

Although activation of inflammasomes 
by various stimuli through NLR oligomeriza-
tion and caspase-1 recruitment has been 
extensively characterized (Lamkanfi and 
Dixit, 2011), how caspase-1 activation 
causes cell death is still not well understood. 
Fink and Cookson (2006) demonstrated that 
execution of pyroptosis after caspase-1 acti-
vation involved the formation of discrete 
pores (diameter 1.1–2.4 nm) followed by 
DNA cleavage and plasma membrane rup-
ture. What roles do TUBB6 and microtubules 
play in pyroptosis? Our findings indicate 
that microtubules have dynamic roles dur-
ing inflammasome activation and execution 

of pyroptosis. Before or during inflammasome activation, disruption 
of microtubules can have varying effects depending on the stimuli 
used. In our data, colchicine increased pyroptosis and IL-1β secre-
tion in response to Salmonella, likely secondary to enhanced uptake 
by macropinocytosis. In contrast, Jurg Tschopp’s lab demonstrated 
that colchicine could inhibit IL-1β processing induced by monoso-
dium urate (gout) crystals (Martinon et al., 2006). They noted no in-
hibition by colchicine when a different stimulator, ATP, was used to 
activate the NLRP3 inflammasome. Given that Salmonella, gout 
crystals, and ATP all enter cells through different means, microtu-
bule depolymerization may be affecting early upstream steps of cas-
pase-1 activation to affect both pyroptosis and IL-1β secretion. A 
recent study also suggested that the effect of colchicine on NLRP3 
inflammasome activation might involve transport of mitochondria 
along microtubules to facilitate NLRP3 inflammasome assembly 
(Misawa et al., 2013).

In contrast, both TUBB6 RNAi and stabilization of microtubules 
with paclitaxel increased pyroptosis without altering IL-1β secretion, 
indicating a distinct mechanism of microtubule involvement down-
stream of caspase-1 activation in the execution of pyroptosis. 
Furthermore, the effect of microtubule stabilization on cell death was 
noted even when a pore-forming toxin, streptolysin O, was used to 
create pores at the plasma membrane. Thus, stabilizing microtubules 
increased cell death regardless of whether pores were formed sub-
sequent to caspase-1 activation or through direct insertion of a 

Variation in microtubule stability during differentiation
Unexpectedly, a paclitaxel-dependent increase in pyroptosis was 
not observed in THP-1s differentiated into macrophages with phor-
bol-12-myristate-13-acetate (PMA) or in mouse BMMs (Figure 6A). 
Previous studies demonstrated that alveolar macrophages have 
much greater microtubule stability than monocytes (Allen et  al., 
1997). Consistent with this, we noted increased tubulin acetylation 
after PMA treatment in THP1s (Figure 6, B and C). Remarkably, this 
was accompanied by a clear decrease in TUBB6 mRNA levels (Figure 
6C). These data suggest that during monocyte-to-macrophage dif-
ferentiation, TUBB6 gene expression is reduced to promote stabili-
zation of microtubule networks. That stabilization appears to push 
them above a threshold level, such that further stabilization with 
paclitaxel has no effect on pyroptosis. This is also consistent with the 
paclitaxel dose–response data showing no further increase in pyrop-
tosis past a certain threshold in microtubule stabilization (Figure 5B). 
Thus variation in TUBB6 expression occurs both in cells from differ-
ent individuals and during differentiation to regulate microtubule 
stability.

DISCUSSION
Cellular genome-wide association study (GWAS) using pathogens 
as probes is a novel approach to understanding human variation in 
basic cellular traits (Ko and Urban, 2013). In this study, we found that 
a common human variant affects expression of the TUBB6 gene and 

FIGURE 6:  Differentiation of THP-1 monocytes decreases TUBB6 expression and increases 
microtubule stability. (A) Pyroptosis is unaffected by paclitaxel in PMA-differentiated THP-1 cells 
and mouse BMMs. THP-1s were treated for 4 h with 20 ng/ml PMA and then incubated for an 
additional 24 h without PMA to allow attachment and differentiation. THP-1s or BMMs were 
treated for 30 min with 500 nM paclitaxel before infection with S. typhimurium MOI30 (THP-1s + 
PMA) or MOI10 (BMMs). Cells were assayed with Cytotox-Glo at 3 h (THP-1s + PMA) or 2 h 
(BMMs) after initial infection. Data are mean ± SEM for three separate experiments, and p value 
is for paired t test. (B) PMA differentiation of THP-1 cells increases microtubule stability as 
assessed by acetylation of α-tubulin. THP-1s were mock treated or differentiated into 
macrophage-like cells using PMA, and cell extracts were blotted for acetylated and total 
α-tubulin. Values below the blots show the relative amount of acetylated tubulin, normalizing 
for the amount of total α-tubulin and setting the undifferentiated THP-1s to a value of 1. 
(C) PMA-differentiation of THP-1 cells increases microtubule stability and decreases TUBB6 
mRNA expression. Normalized acetylated tubulin was quantified from three different 
experiments as in B. TUBB6 mRNA was measured by Taqman real-time PCR assay using 18S 
expression as the control. Data are the mean and SEM from four biological replicates from two 
experiments. The p values are from paired t tests.
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mechanism in host–pathogen interactions. Expanding this ap-
proach to additional pathogens and readouts will be useful in 
increasing the understanding of human variation in basic cell 
biological processes.

MATERIALS AND METHODS
Cells
HapMap LCLs and primary fibroblasts (GM05756, GM17101, 
GM17151, GM17152, GM17153, GM17169, GM17347, and 
GM17379) were purchased from the Coriell Institute (Camden, NJ). 
THP-1 cells were purchased from the American Type Culture Collec-
tion (Manassas, VA). Cells were maintained at 37°C in a 5% CO2 at-
mosphere. LCLs and THP-1s were grown in RPMI 1640 medium (Life 
Technologies, Grand Island, NY) supplemented with 10% fetal 
bovine serum (FBS) or 15% for the carboplatin screen, 2 mM glu-
tamine, 100 U/ml penicillin-G, and 100 mg/ml streptomycin. Primary 
fibroblasts were grown in DMEM 15% FBS, 1 mM pyruvate, 1× non-
essential amino acids, 2 mM glutamine, 100 U/ml penicillin-G, and 
100 mg/ml streptomycin. BMMs were prepared from the femurs of 
C57BL/6 mice and casp1−/− (Kuida et al., 1995) mice by culture with 
85% supplemented RPMI + 15% L929-cell supernatant. HEK-293T 
and HeLa cells were grown in DMEM supplemented with 10% FBS, 
1 mM glutamine, 100 U/ml penicillin-G, and 100 mg/ml streptomy-
cin. Where indicated, THP-1s were differentiated using 20 ng/ml 
PMA for 4 h followed by 24 h in the absence of PMA to allow for 
adhesion and differentiation before assay.

Bacterial infection
Assaying LCLs, THP-1s, and BMMs for Salmonella-induced cell 
death was conducted as previously described using S. typhimurium 
14028s tagged with an inducible green fluorescent protein (GFP) 
plasmid (Ko et al., 2009). Briefly, overnight bacterial cultures were 
subcultured 1:33 and grown for 2 h, 40 min at 37°C. Bacterial inva-
sion was conducted for 1 h at a multiplicity of infection (MOI) of 30 
(or 10 where indicated), followed by gentamicin (50 μg/ml) treat-
ment. Cell death was assessed at 3 h after initial infection by staining 
with 7-AAD (Enzo Life Sciences, Farmingdale, NY) and measurement 
on a Guava Easycyte Plus flow cytometer (Millipore, Billerica, MA). 
When IL-1β was measured from THP-1s, cells were prestimulated 
either for 2 h, 10 min with 20 ng/ml lipopolysaccharide (LPS) for 
S. typhimurium or overnight with 20 ng/ml LPS for F. novicida U112. 

bacterial protein. The pore-forming toxin studies also suggest that 
when the complexities of host–pathogen interactions and inflam-
masome activation are bypassed and pores are simply inserted into 
the plasma membrane, colchicine has the opposite effect of pacli-
taxel on cell death. Microtubules have long been known to be closely 
associated with the plasma membrane and affect membrane micro-
viscosity (Aszalos et al., 1985; Wolff, 2009). Depolymerization of mi-
crotubules by colchicine increases membrane fluidity (Aszalos et al., 
1985), which could allow for repair of the plasma membrane before 
rupture. In contrast, stabilization by paclitaxel or reduction in TUBB6 
expression may restrict membrane fluidity, rendering cells more 
prone to lysis after pore formation. Microtubules likely play diverse 
roles before inflammasome activation, during induction of pyropto-
sis, and then are dismantled during the late stages of pyroptosis. Our 
findings provide a framework for further elucidation of the mecha-
nisms by which microtubules are involved in pyroptosis (Figure 7).

In addition to implicating microtubules in the regulation of 
caspase-1–mediated cell death, human variation in microtubule sta-
bility could have other profound consequences for human health. 
Because microtubules are involved in diverse processes ranging 
from neuronal transport to cell division, the TUBB6 variant may have 
pleiotropic effects on numerous human phenotypes. Although 
rs9807444 has not yet shown genome-wide significance for risk in 
any published GWAS, our cellular GWAS findings prompt closer 
examination for possible non–genome-wide significant associations 
that still may be biologically relevant. Human variation affecting 
microtubule stability could also affect drug responsiveness, as 
microtubule-stabilizing and destabilizing drugs are used extensively. 
Although there is a statistically significant inverse correlation be-
tween TUBB6 expression and paclitaxel sensitivity in LCLs (p = 0.05), 
there is no association between the rs9807444 SNP and paclitaxel 
sensitivity in this data set (E. R. Gamazon and M. E. Dolan, personal 
communication). Perhaps paclitaxel uptake through solute trans-
porters is playing a large role in susceptibility of these cells, as re-
cently suggested (Njiaju et  al., 2012), and obscuring an effect of 
TUBB6 genotype. The role of the rs9807444 variant and TUBB6 
expression variation on sensitivity to paclitaxel will require more ex-
tensive study in cells and cancer patient populations.

This work further demonstrates the value of cellular GWAS 
approaches using pathogens as probes for both uncovering com-
mon human variation in basic cellular processes and elucidating 

FIGURE 7:  Model for the role of microtubule stabilization in execution of pyroptosis. Pathogen-associated molecular 
patterns trigger inflammasome assembly, leading to caspase-1 activation. Caspase-1 activation causes both pyroptosis 
and cleavage of IL-1β. Pyroptosis proceeds by the formation of discrete pores, followed by cellular swelling and 
membrane lysis. Human genetic variation (rs9807444 or another genetic change in LD) or PMA treatment causes a 
reduction in TUBB6 expression that leads to microtubule stabilization. Microtubule stabilization has an effect 
downstream of caspase-1 in the pyroptotic branch of the pathway (green). This effect, which may involve rendering the 
plasma membrane more prone to lysis due to increased rigidity, occurs during or after pore formation but before 
membrane lysis.
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When paclitaxel or colchicine was used to treat cells, the drug or 
solution minus drug was added 30 min before infection at a dose of 
500 nM. F. novicida was spun onto cells for 10 min at 700 × g, and 
infection was allowed to proceed for 2 h before addition of gentami-
cin (50 μg/ml). Cytotoxicity was measured by Cytotox-Glo 5 h after 
addition of Francisella. Cell death with this assay was reported as 
percentage cytotoxicity, with cells lysed by addition of digitonin to 
obtain a 100% reading.

Streptolysin O (Sigma, St. Louis, MO) was reduced with 10 mM 
dithiothreitol to increase activity before addition to cells.

RNAi experiments
LCLs or THP1s (2 × 105 cells) were treated for 3 d in 500 μl of Accell 
media (ThermoScientific, Waltham, MA) with either nontargeting 
Accell siRNA #1 or an Accell SmartPool directed against human 
TUBB6 (1μM total siRNA; ThermoScientific). Before infection, cells 
were plated at 1 × 105 in 100 μl of RPMI complete medium (without 
antibiotics) in 96-well plates. Salmonella infections were conducted 
as described. Cell death was assessed after 3 h for S. typhimurium.

HEK-293T overexpression experiments
HEK-293T cells were plated at 4 × 105 cells in six-well plates and 
transfected using Fugene6 according to manufacturer’s instructions 
(Promega, Madison, WI). Plasmids used included human TUBB6-
Flag and TUBB-Flag (ThermoScientific), human caspase-1-Flag 
(variant alpha; OriGene, Rockville, MD), and human caspase-9 
(variant alpha; OriGene). For assessing inhibition of caspase-in-
duced cytotoxicity, 1 μg of total plasmid was used for each transfec-
tion, with 400 ng of caspase plasmid and 300 ng of TUBB6-flag 
plasmid and the remainder made up with empty vector. Twenty-
three hours posttransfection, cytotoxicity was measured using 
Cytotox-Glo. Cytotoxicity measurements were background sub-
tracted (cells transfected with empty vector) and expressed as a per-
centage relative to caspase-1 or caspase-9 plus empty vector set to 
100 to obtain “normalized RLUs.” Expression levels were assessed 
by Western blot for human caspase-1 (1:200, SC-515; Santa Cruz 
Biotechnology, Dallas, TX), caspase-9 (1:1000, C9; Cell Signaling 
Technology, Danvers, MA), and Flag (1:1000, M2; Sigma).

Quantitative PCR
Total RNA was purified from cells using RNeasy (Qiagen, Venlo, 
Netherlands) and treated with DNase, and cDNA was prepared with 
iScript (Bio-Rad, Hercules, CA). Relative expression of TUBB6 was 
measured using Taqman gene expression assays (Life Technologies) 
normalized for 18S rRNA.

Acetylated tubulin immunoblotting
Protein extracts were prepared in RIPA buffer (50 mM Tris 7.4, 
150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton 
X-100) with protease inhibitor table (Roche). Blots were probed with 
anti–acetylated α-tubulin (1:1000, D20G3; Cell Signaling Technolo-
gies) and anti–α-tubulin (1:1000; Cell Signaling Technologies) and 
developed using either horseradish peroxidase–conjugated sec-
ondary antibody and WestPico Reagent (ThermoScientific) or IRDye 
infrared secondary antibody (LI-COR, Lincoln, NE). Quantitation was 
by scanning x-ray film and quantifying bands in ImageJ (National 
Institutes of Health, Bethesda, MD) or by integrated intensity using 
an Odyssey Infrared Imaging System (LI-COR).

Flow cytometric measurement of polymerized microtubules
Microtubules were fixed and stained as previously described 
(Morrison and Hergenrother, 2012). Briefly, cells were fixed and 
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