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Our integrative genomic and functional analysis identified transforming acidic coiled-coil-
containing protein 2 (TACC2) as a chronic obstructive pulmonary disease (COPD) candidate gene.
Here, we found that smokers with COPD exhibit a marked decrease in lung TACC2 protein levels
relative to smokers without COPD. Single cell RNA sequencing reveals that TACC2 is expressed
primarily in lung epithelial cells in normal human lungs. Furthermore, suppression of TACC2
expression impairs the efficiency of homologous recombination repair and augments spontaneous
and cigarette smoke extract-induced (CSE-induced) DNA damage and cytotoxicity in immortalized
human bronchial epithelial cells. By contrast, enforced expression of TACC2 attenuates the CSE
effects. We also found that CSE enhances TACC2 degradation via the ubiquitin-proteasome
system mediated by the ubiquitin E3 ligase subunit, F box L7. Furthermore, cellularly expressed
TACC2 proteins harboring naturally occurring mutations exhibited altered protein lifespan coupled
with modified DNA damage repair and cytotoxic responses. CS triggers emphysematous changes
accompanied by accumulated DNA damage, apoptosis of alveolar epithelia, and lung inflammation
in Tacc2'- compared with Tacc2*/* mice. Our results suggest that CS destabilizes TACC2 protein

in lung epithelia by the ubiquitin proteasome system, leading to subsequent DNA damage,
cytotoxicity, and emphysema.

Introduction

Cigarette smoking is the major risk factor for chronic obstructive pulmonary disease (COPD), and an accu-
mulating dose over 40 pack-years is a major predictable factor (1). Unfortunately, mortality due to COPD
has been increasing, and it recently has emerged as the third leading cause of death in the United States
(2). Despite the growing public threat from COPD, there has been no effective therapy that significantly
reduces the burden of COPD. Insights into COPD pathogenesis suggest a role of persistent DNA damage
in the pathobiology of COPD (3, 4). In response to cigarette smoke (CS) exposure, lung cells exhibit an
orchestrated signaling process, the DNA damage response (DDR), which senses DNA damage and initi-
ates DNA repair to maintain genomic integrity (5). The DDR signaling is mediated by phosphoinositide
3-kinase related protein kinases (PIKKs), including ataxia telangiectasia mutated (ATM). ATM, primarily
activated by double-strand breaks (DSBs), regulates cell cycle progression and DNA repair through phos-
phorylating multiple key substrates, including histone H2A at serine 139 (yYH2AX). There are 2 major
DSB repair pathways, nonhomologous end-joining (NHEJ) and homologous recombination (HR) (6).
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NHEJ repairs DSBs by rejoining DNA without the use of extensive homology. In contrast, HR utilizes
homology between the sequences of damaged and undamaged DNA strands. A human study demonstrat-
ed that the lungs of smokers with COPD exhibit DNA damage accumulation accompanied by increased
YH2AX relative to those of smokers without COPD (4). DNA damage may account for apoptosis, inflam-
mation, and cellular senescence in lung epithelial cells (LECs) in COPD patients (7). In fact, a previous in
vivo mouse study demonstrated that activation of the ATM/p53/p21 contributes to the development of
CS-induced emphysema (8). However, the molecular inputs to this pathway responsible for persistent DNA
damage remain to be elucidated.

Our recent human studies using both genomic and functional analyses identified TACC2 as a COPD candi-
date gene (9). Whole exome sequencing (WES) among 62 smokers with severe COPD and 30 resistant smokers
identified 7 rare deleterious variants of TACC2 that cause nonsense or nonsynonymous mutations in 8§ COPD
subjects (12.9%), in contrast to none in resistant smokers (9). Furthermore, suppression of TACC2 by siRNA
transfection markedly enhanced CS-induced apoptotic cell death in cultured immortalized human broncho-
epithelial cells (HBECs) (9). Interestingly, a large database from the genome-wide association study (GWAS)
performed on about 450,000 United Kingdom Biobank (UK Biobank) White British individuals revealed several
nonsynonymous 7ACC2 mutations potentially linked to emphysema (http://geneatlas.roslin.ed.ac.uk).

The TACC2 protein is a member of the transforming acidic coiled-coil (TACC) family that regulates
microtubule homeostasis (10). TACCs are expressed as Drosophila TACC (D-TACC) in flies, whereas
TACCI1, TACC2, and TACC3 are seen in mammals. The TACC family possesses a highly conserved
C-terminal TACC domain that may regulate versatile functions, including genomic stability, transcription,
protein trafficking, and cytoskeleton organization (11). In a fly model, the protein levels of D-TACC
are tightly regulated. Altered levels or dysfunction of D-TACC2 causes spindle dysfunction and mitotic
defects, often resulting in early embryonic death (12, 13). In humans, all TACC proteins are present in the
centrosome to regulate microtubule organization, but they exhibit some distinction in temporal expres-
sion. TACC?2 is highly present in the centrosome throughout the cell cycle, whereas both TACC1 and
TACCS3 are localized to the centrosome only during mitosis. Human TACC2 has 2 major transcripts: 4.2
kb and 9.7 kb mRNAs. In adult tissues, the 4.2 kb transcript is more abundantly expressed in brain, pros-
tate, thyroid, and airways (14). TACC2 mutations and dysregulated protein expression is associated with
human malignancies, including breast and ovarian cancers, suggesting a potential role of TACC in regu-
lating genomic stability and carcinogenesis (15, 16). Tacc2”~ mice are viable and grow normally without a
spontaneous clinical phenotype (17). However, the role of TACC?2 in stress responses such as CS-induced
injury, cytotoxicity, or its mechanistic link to disorders such as emphysema is unknown.

Ubiquitination is an important posttranslational modification that maintains proteostasis and regulates
diverse processes through branding proteins for degradation either by the proteasome or lysosome (18). Ubig-
uitin is bound to a target protein through a series of enzymatic reactions involving an E1, an E2, and an E3
enzyme, corresponding to the 3 sequential steps — ubiquitin activation, conjugation, and ligation, respectively
(18). The Skp1—Cullin—F-box (SCF) ubiquitin ligase complex belongs to the most studied E3 family (19) con-
taining an adaptor receptor subunit, termed F-box protein, that targets hundreds of substrates (20). The ability
of F-box proteins to engage their targets often requires a posttranslational modification within the target that
enhances E3 ligase recruitment to optimize ubiquitination. The ubiquitin proteasome system (UPS) is activat-
ed in COPD, with accumulation of ubiquitinated proteins in the lungs of severe COPD subjects (21).

In this study, we show that TACC2 is depleted in the lungs of individuals with severe COPD. We found
that TACC2, expressed primarily in LECs, plays an important role in DNA repair in response to CS-induced
epithelial damage. CS exposure enhances TACC2 degradation mediated by another centrosome protein,
F-box protein Fbxl17, that targets TACC?2 for cellular disposal. These observations provide molecular insight
into a unique pathway, whereby CS triggers DNA damage and apoptosis in this chronic illness.

Results

Smokers with COPD exhibit decreased pulmonary TACC2 protein. Our genomic and functional studies iden-
tified TACC2 as a COPD candidate gene (9). However, TACC2 protein levels in the lungs of patients
with COPD are unknown. To minimize potential effects from recent CS exposure, we selected study
subjects who stopped smoking for at least 6 months at different stages of COPD severity (Table 1).
Lung tissues from smokers with COPD (Global Initiative for Obstructive Lung Disease [GOLD] stage
2 [n = 6] and stage 3 or 4 [n = 10]) were evaluated and compared with smokers with normal lung
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Table 1. Demographic data

Age
Sex
Pack-years
FEV,/FVC
Percent FEV,
Percent DLCO

Control (n=6) GOLD2(n = 6) GOLD3-4 (n=10) P value
70.3+5.1 70.3+7.8 58.7+73 0.013
2M/4F TM/5F SM/5F 0.47
51.5+28.9 51.3+21.2 39.4 + 211 0.25
0.78 £ 0.04 0.58 £ 0.09 0.29 + 0.05 <0.001
91.8 £14.0 70.2+6.7 23.7+72 <0.001
86.3+8.1 78.5+18.1 244 +6.6 0.002

The stage of COPD was determined by the Global Initiative for Obstructive Lung Disease (GOLD) criteria (42). Stage 2, moderate; Stage 3, severe; and stage
4, very severe. Control represents smokers with normal pulmonary function. Data are expressed as mean + SD. An overall “P value is based on the Krusal-
Wallis test. FEV,, forced expiratory volume in 1second; FVC, forced vital capacity; DLCO, the diffusing capacity of the lungs for carbon monoxide.

function (n = 6). TACC2 protein levels were markedly depleted in the lungs of smokers with moder-
ately severe or very severe COPD as compared with smokers without COPD (Figure 1, A and B). By
contrast, mRNA levels of TACC2 were not significantly altered in the lungs of smokers with COPD
when compared with smokers without COPD (Figure 1C). These data suggest that pulmonary levels
of TACC2 protein are decreased by a posttranscriptional mechanism in subjects with COPD. We also
evaluated TACC2 protein levels in the lungs of nonsmoking and actively smoking subjects without
known lung disease (n = 4, each group). TACC2 protein is present in the lungs of nonsmoking subjects
but is decreased in the lungs of active smokers (Supplemental Figure 1A; supplemental material avail-
able online with this article; https://doi.org/10.1172/jci.insight.125895DS1).

Next, to determine the cell specificity of TACC2 expression, single cell mRNA sequencing was con-
ducted using 3 normal human subjects. Two-dimensional T-distributed stochastic neighbor embedding
(t-SNE) plots were generated based on global gene expression relationships among 9987 total cells (Figure
1D). Cells broadly clustered into 13 groups. TACC2 and 3 marker genes for LECs, including FOXJI (ciliated
airway epithelial cells), SFTPC (alveolar type 2 epithelial cells), and EPCAM (LECs), are shown with level
of expression indicated by intensity of purple. The data suggest that TACC2 is primarily expressed in both
alveolar and bronchial epithelial cells in normal human lungs. We also performed scRNA sequencing to
examine TACC2 expression in the lung of severe COPD subjects (# = 3). There was no significant change
in TACC2 gene expression in LECs between normal and COPD subjects (Supplemental Figure 1B).

TACC2 is required to protect against CS-induced DNA damage and cytotoxicity. To determine the effects of
CS on DDR/repair proteins in primary LECs, both primary HBECs and primary human alveolar epithe-
lial cells (pHAECs) were cultured with or without 2% CSE for 24 hours. CSE increased phosphorylation
of ATM (ser1981) and H2AX (ser139) without altering the individual total protein levels in both primary
cell cultures (Figure 2A). Next, to determine the role of TACC2 protein in CSE-induced DNA damage
and cytotoxicity, HBEC2 cells (immortalized by stable transduction with TERT, a catalytic subunit of
telomerase and cyclin-dependent kinase 4; ref. 22) were transfected with siRNA for 48 hours and further
cultured with or without 2% CSE for 24 hours. siTACC2 decreased TACC2 protein by 60% coupled with
increased levels of YH2AX (but not phosphorylated ATM; pATM), the latter even in the absence of CSE
(Figure 2B). CSE-induced DDRs and cytotoxicity were further augmented by TACC2 protein depletion
(Figure 2, B and C). To further determine the function of TACC2, BEAS-2B cells were transfected with
double nickase plasmids. Among more than 20 clones isolated from the transfected cells, we confirmed
that 1 clone (clone #3) showed a marked reduction of TACC2 protein expression (Figure 2D), suggest-
ing successful KO of TACC2. TACC2 CRISPR cell lines grew very slowly compared with a control cell
line (data not shown). Flow cytometric analysis (TACC2 clone #3 and control cells) showed a marked
increase in spontaneous DNA damage (yYH2AX) and apoptosis (positive annexin V) (Figure 2E). We
also generated a V5-tagged TACC2 plasmid (pcDNA3.1). TACC2 overexpression attenuated levels of
CSE-induced DNA damage markers (pATM and yH2AX) and cytotoxicity (Figure 2, F and G).

TACC2 is partially translocated into the nucleus and associated with yH2AX in response to CS. To determine
nuclear translocation of TACC?2, the subcellular fractionation of HBEC2 cells exposed to CSE was car-
ried out. CSE exposure slightly decreased TACC2 expression in the cytosol but increased TACC2 in the
nucleus (Figure 3A). These results suggest that CSE exposure alters TACC2 subcellular localization with
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Figure 1. Smokers with COPD exhibit decreased TACC2 protein. (A) The stage of COPD was determined by the Global Initiative for Obstructive Lung

Disease (GOLD) criteria (44). Stage

2, moderate; stage 3, severe; and stage 4, very severe. Control represents smokers with normal pulmonary function.

Whole lung parenchyma lysates were obtained from a total of 22 smokers with various GOLD stages of COPD. Immunoblot (IB) analysis was performed
for TACC2. (B) The densitometry data (TACC2/B-actin) obtained from A are expressed as mean + SEM. One-way ANOVA with Bonferroni correction was

made. *P < 0.05 (control vs. GOLD

stage 2); **P < 0.01 (control vs. GOLD stage 3/4). (C) Total RNA was isolated from whole lung parenchymal tissues

obtained from the same donors (control and GOLD stages 3 and 4) as in A. Steady-state levels of TACC2 mRNA were measured by RT-PCR. The relative
fold difference compared with HPRT1 (control) was expressed. Data are expressed as mean + SEM. (D) Single cell RNA sequencing was conducted using
lung parenchymal tissues obtained from 3 normal human subjects. t-SNE blots were shown. The intensity of purple indicates levels of gene expression.
FOXJ1, Forkhead Box J1; SFTPC, Surfactant protein C; EPCAM, Epithelial cell adhesion molecule.

a potential shift toward the nucleus. Furthermore, to determine if TACC2 localizes to DNA damage sites,
co-IP with TACC2 antibody was performed in cell lysates harvested from CSE-exposed or -unexposed
HBEC?2 cells. We found that CSE increased physical interaction between TACC2 and yYH2AX after CSE
exposure (Figure 3B). Nuclear TACC2 formed small foci that at least partially colocalized with YH2AX
foci (Figure 3B, arrows). Here, increased YH2AX levels without TACC2 and colocalization of TACC2
with yYH2AX suggest that TACC2 might be involved in the clearance of DSB, which are induced by CSE.
Both HR and NHEJ are major pathways for the repair of DSBs in mammalian cells. To further support a
purported DSB repair function of TACC2, both HR and NHEJ reporter assays were performed. In these
assays, cleavage of the I-Scel sites (resulting in DSBs) in DR-GFP and Ej5-GFP sequences induces HR
and NHEJ, respectively. For HR assays, DR-GFP is composed of 2 differentially mutated green fluores-
cent protein (GFP) genes oriented as direct repeats (DR); the upstream repeat contains the recognition
site for the rare-cutting I-Scel endonuclease, and the downstream repeat is a 5" and 3’ truncated GFP
fragment. Transient expression of I-Scel leads to a DSB in the upstream GFP gene; an active HR process
to repair the DSB results in GFP* cells, which are quantified by flow cytometry. For the NHEJ assays, a
reporter (EJ5-GFP) was used to measure end joining (EJ) between distal DSB ends of 2 tandem I-Scel
sites. These distal-EJ events do not require access to homology and, thus, are distinct from the repair
events described above. Indeed, this assay provides a measure of DSB end protection during EJ via phys-
ical analysis of distal-EJ products to determine the frequency of I-Scel restoration. Thus, cleavage of the
I-Scel sites (resulting in DSBs) in DR-GFP and EJ5-GFP sequences induces HR and NHEJ, respectively.
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Figure 2. TACC2 is required to protect against cigarette smoke-induced DNA damage and cytotoxicity. (A) pHBECs and pHAECs were cultured with or
without 2% CSE for 24 hours. IB analysis was performed for pATM and yH2AX. (B) HBEC2 cells transfected with siTACC2 or a scrambled control RNA (Scr
Ctrl) were cultured with or without 2% CSE for 24 hours. IB analysis was performed for TACC2, pATM, and yH2AX. IB data are representative of 3 inde-
pendent experiments. (C) HBEC2 cells were treated as in B. Cell viability was determined by the (3-[4, 5-dimethylthiazolyl-2]-2, 5-diphenyltetrazolium
bromide) (MTT) assay. Data are expressed as mean = SEM for 2 independent experiments with triplicated samples. One-way ANOVA with Bonferroni
correction was made. (D) BEAS-2B cells were transfected with the double nickase plasmid targeting TACC2, and 3 colonies were selected. IB analysis was
performed for TACC2. IB data are representative of 3 independent experiments. (E) A flow cytometric assay with dual staining of annexin V and yH2AX was
performed for TACC2 CRISPR clone #3 and controlled cells. (F) BEAS-2B cells transfected with V5-tagged TACC2 plasmid were incubated with or without
2% CSE for 24 hours for 2 independent experiments with triplicate samples. Immunoblot analysis was performed for V5, pATM, and yH2AX. IB data are
representative of 3 independent experiments. (G) The cells were treated as in F. Cell viability was determined by the MTT assay. Data are expressed as
mean + SEM for 2 independent experiments with triplicate samples. One-way ANOVA with Bonferroni correction was conducted.
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Repair efficiency was monitored as the percentage of cells expressing fully repaired GFP. Indeed, caus-
ally, TACC2 depletion significantly decreased the efficiency of HR repair (Figure 3C) but not NHEJ
repair (data not shown). Thus, functionally, TACC2 appears to play a crucial role in spontaneous and
CSE-induced DDR and repair.

CS decreases TACC2 protein in human LECs. To determine the mechanism of CSE on TACC2 protein deple-
tion, we cultured immortalized HBECs (HBEC2 and BEAS-2B cells) in the absence or presence of CSE (1%,
2%, 4%, or 6%) for 24 hours. CSE decreased TACC?2 protein levels in a concentration-dependent manner
(Figure 4, A and B). Likewise, CSE decreased TACC2 in a human epithelial cell line, A549 (Figure 4C).
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Furthermore, we verified the CSE effects on TACC2 in primary LECs, pHBECs, and pHAECsS isolated from
3 and 1 nonsmoking donor, respectively (Figure 4D). Our in vitro studies demonstrated that up to 2% CSE
does not cause significant apoptotic cell death in cultured HBEC2 cells (9). We next determined the kinetics
of effects of CS on TACC?2 cellular concentrations for various time periods up to 24 hours. CSE at 2% sig-
nificantly triggered reduction of immunoreactive TACC2 at 8 hours, an effect that progressively decreased
to 24 hours (Figure 4E). However, TACC2 mRNA levels were not significantly altered (Figure 4F). We next
determined the effects of CSE on TACC2 protein lifespan using the protein synthesis inhibitor cycloheximide
(CHX). The half-life of TACC2 was longer than 24 hours in the absence of CSE but decreased to 8 hours after
CSE exposure (Figure 4G). Thus, CSE decreases TACC2 protein lifespan in lung epithelia via a posttransla-
tional mechanism.

An E3 ligase F-box component targets TACC2 for polyubiquitination. To determine the subcellular pathway
for CSE-induced rapid degradation of TACC2 protein, we cultured 2% CSE—-exposed HBEC2 cells with
the proteasome inhibitor MG132 or the lysosome inhibitor leupeptin for 8 hours in the presence of CHX.
Addition of MG132 to the cells led to no decrease in TACC2 protein, whereas this was not observed in the
absence of this compound or with leupeptin (Figure 5A); this suggests that TACC2 protein is degraded by
CSE via the UPS. To determine if ubiquitination is sufficient to promote TACC2 degradation, we overex-
pressed hemagglutinin-tagged (HA-tagged) ubiquitin in BEAS-2B cells. Ubiquitin overexpression enhanced
the degradation of TACC2 in a concentration-dependent manner (Figure 5B). To confirm that ubiquitina-
tion of TACC2 is increased by CSE, we cultured BEAS-2B cells with 2% CSE in the presence of MG132
for 2 hours and performed IP with TACC2 antibody. Immunoblot analysis of the precipitates by TACC2
antibody demonstrated that polyubiquitination of endogenous TACC2 was enhanced by CSE (Figure 5C).
Next, given the fact that FBXL7, an F-box protein of the E3 ligase subunit, is localized in the centro-
some, we hypothesized that FBXL7 contributes to TACC2 degradation. To further evaluate this, cells were
transfected with increasing concentrations of V5-tagged Fbx[7 or FbxI8 plasmid. TACC2 expression was
selectively decreased in a dose-dependent manner by Fbx/7 (Figure 5D). To verify if FBXL7 associates and
targets TACC2, co-IP with TACC2 antibody was performed in cell lysates harvested from CSE-exposed or
-unexposed BEAS-2B cells. We found that FBXL7 interacts with TACC2, an effect augmented after CSE
exposure (Figure 5E). To further validate physical association and degradation of TACC2 with FBXL7, in
vitro ubiqutination assays were performed. The ubiquitin E3 ligase SCF™ X7 sufficiently catalyzed TACC2
polyubiquination (Figure 5F).

SCF-based F-box proteins are recruited to their substrates by molecular recognition signals such as
phosphorylation sites. Mass spectrometry—based proteomic analysis in response to DNA damage reveals
several consensus phosphorylation sites within TACC2 (23). To determine the effects of the site-specific
TACC?2 phosphorylations on the physical interaction with FBXL7, BEAS-2B cells were transfected with
V5-tagged TACC2 WT and phosphorylation-defective mutant (T151A, S304A, S395A, and S399A) plas-
mids for 48 hours. Cells were further incubated with 2% CSE for 4 hours. Among these mutants, expression
of both S304A and S399A TACC?2 variants decreased the physical interaction with FBXL7 (Figure 5G).
These results suggest that specific molecular sites within TACC2 serve as recruitment signals for the E3
ligase subunit to potentially modulate DNA repair.

Naturally occurring mutations and targeted deletion of TACC2 alter functional and phenotypic responses to CS. We
selected several rare nonsynonymous mutations of TACC2 potentially linked to the diagnosis of emphysema
from the UK Biobank data (Figure 6A). To determine the lifespan of the individual TACC2 mutants in
response to CSE, BEAS-2B cells were transfected with various plasmids encoding the individual TACC2
mutants for 48 hours, followed by incubation with or without CSE for up to 24 hours. The half-lives of indi-
vidual TACC2 mutants were not different relative to the WT for up to 24 hours in the absence of CSE (data
not shown). However, in the presence of CSE, the half-life of the G808R mutant was longer (~24 hours) and
that of the T560M mutant was shorter (~4 hours) than WT, E131, and T269M mutants (~8 hours) (Figure
6B). Next, to determine the type of TACC2 polyubiquitination, we cultured BEAS-2B cells with 2% CSE
in the presence of MG132 for 2 hours and performed co-IP with TACC2 antibody. Immunoblot analysis of
the precipitates using K48 and K63 antibodies demonstrated that CSE-induced TACC2 polyubiquitination
was formed by the K48 but not the K63-specific linkages (Figure 6C). To determine the effects of TACC2
mutants on CSE-induced polyubiquitination, BEAS-2B cells were transfected with V5-tagged TACC2 WT
and mutant (T560M and G808R) plasmids for 48 hours, followed by CSE for 2 hours, and samples were pro-
cessed for IP with V5 antibody. K48-specific polyubiquitination by CSE was increased in the T560M mutant
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Figure 3. TACC2 is partially translocated into the nucleus and associated with yH2AX in response to cigarette smoke.
(A) Subcellular localization of TACC2 protein in HBEC2 cells exposed to 2% CSE for 2 hours. WCL, whole cell lysates;
Cyto, cytoplasm; Nug, nucleus. IB data are representative of 3 independent experiments. (B) IP was performed using
primary TACC2 antibody in cell lysates harvested from CSE-exposed or -unexposed HBEC2 cells. IB analysis was
performed using yH2AX antibody. IB data are representative of 3 independent experiments. Immunofluorescence

(IF) analysis of TACC2 and yH2AX coexpression in CSE-exposed HBEC2 cells. A representative micrograph showing
TACC2-(green), YH2AX (red), and DAPI (blue). Original magnification, 600x. (C) DR-GFP-stably expressing cells were
transfected with siTACC2, followed by transfection with pCMV-IScel plasmid. The GFP* cell fraction was measured by a
FACS, and data are shown graphically. Data are expressed as mean + SEM for 2 independent experiments with triplicate
samples. One-way ANOVA with Bonferroni correction was conducted (*P < 0.05; **P < 0.01).

and decreased in the G808R mutant relative to WT (Figure 6D). Furthermore, the physical association
between T560M with FBXL7 was increased in the T560M mutant and decreased with the G808R mutant
relative to WT (Figure 6E). To determine the function of these TACC2 mutants, BEAS-2B cells transfected
with individual TACC2 plasmids were cultured with or without CSE for 48 hours. Cellular expression of
T269M and T560M mutants resulted in modestly decreased cell viability in CSE-exposed cells relative to
WT and in substantially lower viability compared with non-CSE exposed conditions. In contrast, expression
of the G808R mutant increased the cell viability after CSE exposure (Figure 6F). DNA damage markers
(pATM and yH2AX) were also increased in the E131, T269M, T560M mutants, but they were decreased in
the G808R mutant (Figure 6G). These results suggest that nonsynonymous mutations of TACC2 modulate
protein stability by the UPS and impact cell viability and DNA damage after tobacco smoke exposure.
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Figure 4. Cigarette smoke decreases TACC2 protein abundance in human epithelia. (A) HBEC2 cells were cultured
without or with various concentrations of CSE for 24 hours. IB analysis was performed for TACC2. IB data are
representative of 3 independent experiments. The relative densitometric ratios (TACC2/B-actin) are expressed as
mean + SEM. *P < 0.05; **P < 0.01, by 1-way ANOVA with Tukey’s multiple comparisons. (B) BEAS-2B cells were
treated as in A. IB analysis was performed for TACC2. IB data are representative of 3 independent experiments. (C)
A543 cells were treated as in A. IB analysis was performed for TACC2. IB data are representative of 3 independent
experiments. (D) Primary HBEC cells isolated from 3 nonsmoking donors and primary human alveolar epitheli-
al cells (pHAECs) were cultured without or with 2% CSE for 24 hours. IB analysis was performed for TACC2. IB
analysis to evaluate 2% CSE effects on primary HAECs is shown. (E) HBEC2 cells were cultured without or with 2%
CSE for up to 24 hours. IB analysis was performed for TACC2. IB data are representative of 3 independent exper-
iments. The relative densitometric ratios (TACC2/B-actin) are expressed as mean + SEM. *P < 0.05; **P < 0.01.
One-way ANOVA with Tukey's multiple comparisons was made. (F) Total cellular RNA was isolated, and steady-
state mRNA levels of TACC2 and HPRT1 were measured. The relative fold differences (TACC2/HPRT1 mRNA) are
expressed as mean + SEM. One-way ANOVA with Tukey’s multiple comparisons was made. (G) HBEC2 cells were
cultured without or with 2% CSE in the presence of 20 pg/mL cycloheximide (CHX) for various time periods for up
to 24 hours. IB analysis was performed for TACC2. IB data are representative of 3 independent experiments.

The genetic deletion of TACC2 augments CS-induced DNA damage and emphysema. To supplement these
studies with an in vivo correlate, we exposed mice with genetic deletion of TACC2. Mice 8-10 weeks of
age (Tacc2”~ and Tacc2*/*) were exposed to CS using 2 unfiltered cigarettes per day for the first week
and 4 cigarettes per day from the second week, for a total of 6 weeks. Six weeks after the CS exposure,
all mice were euthanized for lung morphometry, bronchoalveolar lavage fluid (BALF), immunoblot,
and immunofluorescent image analyses. CS exposure significantly increased the alveolar chord length
(CL) in Tacc2”- compared with Tacc2*'* mice (Figure 7A). Furthermore, whole lung parenchymal
lysates obtained from Tacc2”~ mice exhibited accumulation of the DNA damage markers (pATM and
YyH2AX) (Figure 7B). Immunofluorescent image analysis revealed that Tacc2’/~ mice exhibited a sig-
nificant increase in spontaneous DNA damage (YH2AX positivity) in alveolar cells relative to Tacc2*'*

mice (Figure 7C).
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Figure 5. An SCF E3 Ligase F-box component targets TACC2 for polyubiquitination. (A) HBEC2 cells were cultured with 2% CSE and 20 pg/mL CHX
in the presence or absence of 10 uM MG132 or 10 uM leupeptin for up to 8 hours. IB analysis was performed for TACC2. IB data are representative of
3 independent experiments. (B) BEAS-2B cells were transfected with the HA-ubiquitin plasmid (1.5 or 3.0 pg per well in a 6-well plate). Cell lysates
were processed for TACC2 IB (above). TACC2 was also immunoprecipitated (IP) and samples processed for HA IB (middle panel). IB data are repre-
sentative of 3 independent experiments. (C) BEAS-2B cells were cultured without or with 2% CSE in the presence of 10 uM MG132 for 2 hours. IP was
performed with primary TACC2 antibody using cell lysates. IB analysis was performed for levels of ubiquitination (Ub), TACC2, and GAPDH. IB data are
representative of 3 independent experiments. (D) BEAS-2B cells were transfected using nucleofection with increasing amounts of V5-tagged FBXL7
or FBXL8-encoding plasmids for 48 hours. IB data of TACC2 and F-box proteins are representative of 3 independent experiments. (E) BEAS-2B cells
were cultured without or with 2% CSE for 4 hours. IP was performed with primary TACC2 antibody using cell lysates. IB analysis was performed for
TACC2, FBXL7, and GAPDH. IB data are representative of 3 independent experiments. (F) In vitro ubiquitination of TACC2. Recombinant ubiquitin
E1-activating, -E2-conjugating enzymes and ubiquitin was incubated without or with FBXL7 in the presence of V5-TACC2, and polyubiquitinylated
products were detected using V5 IB. (G) BEAS-2B cells were transfected with V5-tagged TACC2 WT and phosphorylation-defective mutant (T151A,
S304A, S395A, and S399A) plasmids for 48 hours and further incubated with 2% CSE for 4 hours. IP was performed using primary V5 antibody in cell
lysates. IB analysis was performed using V5, GAPDH, and FBXL7 antibodies.

CS exposure enhances epithelial cell death and lung inflammation in Tacc2™'~ relative to Tacc2*'* mice. Fur-
thermore, both DNA damage and cell death (TUNEL positivity) were increased in alveolar epithelial
cells in Tacc2”~ relative to Tacc2*'* mice exposed to CS (Figure 8A). BALF analysis on CS- or air-ex-
posed mice showed that TACC2 loss increased the cell number of macrophages, lymphocytes, and
neutrophils in response to CS (Figure 8B). However, the activity of neither MMP12 nor myeloperoxi-
dase (MPO) was not significantly altered between Tacc2*/* and Tacc2”~ mice (Supplemental Figure 2,
A and B, respectively). These data suggest that the genetic deletion of TACC2 augments CS-induced
lung inflammation and emphysematous changes, accompanied by increased DNA damage and cell
death in alveolar epithelial cells.
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Figure 6. Naturally occurring mutations and targeted deletion of TACC2 alter functional and phenotypic responses to cigarette smoke. (A) Map illustrating rare
nonsynonymous mutations of TACC2 (from the UK Biobank data) as indicated with arrows within various domains of TACC2. (B) BEAS-2B cells were transfected
with V5-tagged TACC2 WT and mutant (E131K, T269M, T560M, and G808R) plasmids for 48 hours and further incubated with 2% CSE and 20 pg/mL CHX. The
half-life of individual TACC2 mutants was monitored for up to 24 hours. IB data are representative of 3 independent experiments. The relative ratios (V5-TAC-
C2/B-actin) are expressed graphically. (C) BEAS-2B cells were cultured without or with 2% CSE in the presence of MG132 for 2 hours, and IP was performed using
TACC2 antibody. IB analysis of the precipitates was performed using K48 and K63 antibodies. IB data are representative of 3 independent experiments. (D) BEAS-
2B cells were transfected with V5-tagged TACC2 WT and mutant (T560M and G808R) plasmids for 48 hours and further cultured with 2% CSE and 20 pg/mL CHX
for 2 hours. IP was performed using primary V5 antibody in cell lysates. IB analysis was performed using K48 antibody to assess levels of polyubiquitination. IB
data are representative of 3 independent experiments. (E) BEAS-2B cells were treated as in D. IB analysis for FBXL7 of the immunoprecipitates (pulled down using
V5 antibody) was performed to assess F box protein association with TACC2 variants. IB data are representative of 3 independent experiments. (F) BEAS-2B cells
were transfected with V5-tagged TACC2 WT and mutant (T269M, T560M, and G808R) plasmids for 48 hours and further cultured without or with 2% CSE for 48
hours as above. Cell viability was determined by the MTT assay. Data are expressed as mean + SEM for 2 independent experiments with triplicate samples (**P <
0.05 vs. WT CSE-treated and individual variants) after CSE exposure. One-way ANOVA with Bonferroni correction was conducted. (G) BEAS-2B cells were treated
as in F and harvested at 24 hours. IB analysis was performed for pATM and yH2AX. IB data are representative of 3 independent experiments.

Discussion

Our present study shows several unique findings, including that (a) steady-state levels of TACC2 protein
— but not mRNA — are substantially depleted in the lungs of smokers with severe COPD compared with
smokers without COPD; (b) TACC2 depletion increases both spontaneous and CSE-induced DNA damage
and cytotoxicity in cultured immortalized HBECs and suppresses HR repair, whereas TACC2 overexpression
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Figure 7. The genetic deletion of TACC2 augments cigarette smoke-induced DNA damage and emphysema. (A) Each group of age-matched Tacc2*/* mice
and Tacc2™- mice were exposed to cigarette smoke (CS) or room air (AIR) for a total of 6 weeks. Six weeks after CS or AIR exposure, all mice were euthanized.
The lungs of the mice in each group were inflated under a constant pressure (25 cm H,0) and were fixed in neutral buffered formalin, embedded in paraffin,
and sectioned at 3-um thickness. Data are expressed as a relative mean chord length (CL) + SEM. **P < 0.01. One-way ANOVA with Bonferroni correction was
conducted. The mean CL of AIR-exposed Tacc2*/* mice was set to a value of 1.0. Representative photomicrographs of lungs from each group of CS-exposed
mice processed for H&E staining (original magnification, 200x). (B) The mice were treated as in A. Whole lung lysates were obtained from AIR- or CS-exposed
Tacc2*"* and Tacc2”- mice. 1B analysis was performed for pATM and yH2AX. (C) Analysis of YH2AX in alveolar epithelial cells in AIR- or CS-exposed Tacc2*/*
and Tacc2/~ mice. Representative micrographs showing yH2AX* (green) and E-cadherin* (white) cells in peripheral lung parenchyma from AIR- or CS-exposed
Tacc2** and Tacc2”- mice. Nuclei were counterstained with DAPI (blue). Scale bar: 50 pm. Quantitative analysis of YH2AX* alveolar epithelial cells in AIR- or
CS-exposed Tacc2** and Tacc2™- mice were shown as mean + SEM. **P < 0.01; ***P < 0.001. One-way ANOVA with Bonferroni correction was conducted.

attenuates CSE effects on DNA damage and cytotoxicity; (c) mechanistically, CSE depletes TACC2 protein
levels via a posttranslational mechanism that enhances TACC2 degradation through FBXL7-mediated E3
ligase activity; (d) nonsynonymous 7ACC2 mutations alter CSE-induced protein instability, cytotoxicity, and
DNA damage in cultured HBECs; and (e) the genetic deletion of Tacc2 augments CS-induced DNA damage,
cytotoxicity, and lung inflammation and produces emphysema in mice. These data raise the possibility that
modulation of TACC?2 to increase its cellular concentrations might serve as a novel strategy to lessen DNA
damage and apoptosis in lung epithelia, thereby mitigating the severity of emphysema (Figure 9).
Accumulating evidence suggests a crucial role of apoptosis, a regulated form of cell death, of alveolar
cells in the development of COPD (24). In human studies, the number of apoptotic cells as evidenced by
TUNEL positivity and/or caspase-3 activation in alveolar septal cells is increased in smokers with COPD
as compared with smokers without COPD (7, 25, 26). Furthermore, apoptosis induced by active caspase-3
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Figure 8. Cigarette smoke exposure enhances epithelial cell death and lung inflammation in Tacc2”/- relative to
Tacc2*/* mice. (A) Analysis of TUNEL positivity in alveolar epithelial cells in CS-exposed Tacc2*/* and Tacc2™/- mice.
Representative micrographs showing TUNEL-immunopositive cells (green) and E-cadherin* (white) cells in peripheral
lung parenchyma from CS-exposed Tacc2*/* and Tacc2™/- mice. Nuclei were counterstained with DAPI (blue). Scale bar: 50
um. Quantitative analysis of TUNEL* alveolar epithelial cells in CS-exposed Tacc2*/* and Tacc2”/- mice were shown mean
+ SEM. ***P < 0.001. (B) The mice were treated as in A. BAL was performed on AIR- or CS-exposed Tacc2*/* and Tacc2/~
mice. Total BAL cell counts and differential analysis for macrophages, lymphocytes, and neutrophils were performed on
isolated BAL cells. n = 5 mice per group; data shown as mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
One-way ANOVA with Bonferroni correction was conducted.

expression (27) or vascular-endothelial growth factor inhibition (28) promotes the formation of emphy-
sema in vivo. An increase in DNA damage may contribute to apoptosis (7) because COPD lungs exhibit
an increased expression of YH2AX (a DNA damage marker) (4). However, the molecular mechanisms of
CS-induced epithelial cell apoptosis are not fully elucidated.

To date, there are no studies linking TACC2 protein expression to lung disorders. We recently identified
TACC2 as a COPD candidate gene through both genomic and functional approaches. Some smokers with
advanced COPD (12.9%) carry rare deleterious mutations of the TACC2 gene, including nonsense muta-
tion (chr10:123842508; a glutamine mutated to a stop codon) (9). In this study, we found that steady-state
