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pathophysiologic effects. Molecular and cellular mechanisms that underlie FA-induced damage are poorly
understood. In this study, we investigated whether proteotoxicity is an important, unrecognized factorin
cell injury caused by FA. We found that irrespective of their cell cycle phases, all FA-treated human cells
rapidly accumulated large amounts of proteins with proteasome-targeting K48-linked polyubiquitin,
which was comparable with levels of polyubiquitination in proteasome-inhibited MG132 controls. Both
nuclear and cytoplasmic proteins were damaged and underwent K48-polyubiquitination. There were no
significant changes in the nonproteolytic K63-polyubiquitination of soluble and insoluble cellular pro-
teins. FA also rapidly induced nuclear accumulation and Ser326 phosphorylation of the main heat shock-
responsive transcription factor HSF1, which was not a result of protein polyubiquitination. Consistent
with the activation of the functional heat shock response, FA strongly elevated the expression of HSP70
genes. In contrast to the responsiveness of the cytoplasmic protein damage sensor HSF1, FA did not
activate the unfolded protein response in either the endoplasmic reticulum or mitochondria. Inhibition of
HSP90 chaperone activity increased the levels of K48-polyubiquitinated proteins and diminished cell
viability after FA treatment. Overall, our results indicate that FA is a strong proteotoxic agent, which helps
explain its diverse pathologic effects, including injury in nonproliferative tissues. (Am J Pathol 2016,
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Exposure to formaldehyde (FA) is associated with a range
of adverse health effects, including respiratory and other
cancers,’ ° as well as other serious pathophysiologic
manifestations.” © Metabolic formation of FA after meth-
anol ingestion causes acute injury, including tissue failure
and irreversible damage to the optical nerve, and long-term
neurologic  impairments, parkinsonism, and poly-
neuropathy.”* Human and other cells also continuously
produce FA endogenously as a by-product of several normal
biochemical processes,” including histone demethylation
reactions in the nucleus.” Recent studies using mouse
genetic models with diminished FA detoxification have
established a surprisingly high toxicity of endogenous FA,
as evidenced by developmental defects in the embryos due
to maternal aldehydes'’ and multitissue degeneration and
cancers in adult mice."’

FA is a well-known crosslinking agent that forms
DNA-protein crosslinks (DPCs) due to its reactivity with
NH, groups of histone lysines and DNA bases.'*'* DPCs
have long been considered as the main genotoxic and cyto-
toxic lesions for FA, which led to the use of FA as a tool for
understanding of DPC tolerance mechanisms using collec-
tions of mutant cells with different DNA repair defects.'* '
The results of these investigations were contradictory even
for the same cell model, and one study has found that the
sensitivity of specific mutants depended on the exposure
protocol.'* Genotoxic signaling triggered by FA in human
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cells occurred only in the S phase,'”*’ which is consistent

with the stalling of replication helicases by DNA-attached
proteins.21 However, FA-induced activation of the tran-
scription factor p53°° and the DNA damage-responsive
kinase ataxia-telangiectasia mutated (ATM)** showed bell-
shaped dose dependence, suggesting that FA-treated cells
may experience another major stress that becomes dominant
at certain exposure conditions even in S-phase cells. The
importance of the non-DPC damage is also supported by
clinical manifestations of FA toxicity such as neurologic
damage,”® because neurons are nondividing cells, and the
replication-associated mode of cytotoxicity is not applicable
to them. FA-induced DPCs are repairable and unstable hy-
drolytically,” suggesting that their transient presence is also
not likely to exert long-lasting effects on neuronal cells
through some replication-unrelated mechanisms. In contrast
to DNA damage, adult neurons are sensitive to the presence
of abnormal proteins, as evidenced by such protein
conformation-associated pathologies as Parkinson, Hun-
tington, and Alzheimer diseases.”*

In this work, we examined a possibility that FA can act as
a proteotoxic agent, inducing accumulation of abnormal
proteins and DNA damage-independent cytotoxicity. We
reasoned that FA conjugation with amino and SH groups
can cause misfolding and aggregation of proteins, resulting
in proteotoxic effects. The formation of abnormal proteins
in cells is monitored by specialized protein quality controls
that promote refolding and stabilization of misfolded
proteins by molecular chaperones and eliminate severely
damaged proteins via proteasomal and other degradation
pathways.”>° We found that FA-treated human cells
displayed clear evidence of proteotoxic stress, such as
accumulation of polyubiquitinated proteins and the activa-
tion of the heat shock response. Inhibition of the heat shock
protein (HSP)90 chaperone activity caused a loss of cell
viability over a range of doses, including normally weakly
cytotoxic or completely noncytotoxic doses. Thus, FA is a
strong inducer of protein damage that requires engagement
of protein quality controls for preserving cell viability.

Materials and Methods

Chemicals

MG132 was obtained from Selleckchem (Houston, TX).
G5 was from Santa Cruz Biotechnology (Dallas, TX)
and 17-demethoxy-17-[[2-(dimethylamino)ethyl]amino]gel-
danamycin hydrochloride (17-DMAG) and VER-155008
were purchased from Tocris Bioscience (Bristol, United
Kingdom). FA solution (F8775), buffers, and salts were from
Sigma-Aldrich (St. Louis, MO).

Cells and Treatments

H460 and IMRO90 cells were purchased from the ATCC
(Manassas, VA). Immortalized H460 cells were grown in
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95% air/5% CO, using 10% fetal bovine serum-
supplemented RPMI-1640. IMR90 normal human lung
fibroblasts were grown in Dulbecco’s modified Eagle’s
medium containing 10% serum in the presence of 5% O, and
5% CO,. Normal human bronchial epithelial (HBE) cells
(Lonza, Walkersville, MD) were cultured in 95% air/5% CO,
using a vendor’s recommended medium (CC-3170; Lonza).
Cells were seeded for FA and other treatments at approxi-
mately 40% to 50% confluence and allowed to attach over-
night. With the exception of a short time-course study
involving 30- and 60-minute incubations, cells were treated
with FA in complete growth media containing serum.

Western Blot Analysis

Attached cells were collected by scraping, and soluble
cellular proteins were typically obtained by extraction with a
cold lysis buffer [5SO mmol/L Tris (pH 8.0), 250 mmol/L
NaCl, 1% NP40, 0.1% SDS, 5 mmol/L EDTA, 2 mmol/L
Na3;VO,, 10 mmol/L Na,P,O,, 10 mmol/L NaF] supple-
mented with protease inhibitors and 20 mmol/L N-ethyl-
maleimide (referred to as 1% NP40 buffer). After incubation
for 10 minutes on ice, lysates were spun down at 10,000 x g
for 10 minutes, 4°C, and supernatants were collected and
frozen at —80°C. For solubilization of the remaining
insoluble cellular material, pellets were boiled for 10
minutes in a 2% SDS buffer (2% SDS, 50 mmol/L Tris-HCl
pH 6.8, 10% glycerol, 20 mmol/L. N-ethylmaleimide) sup-
plemented with protease/phosphatase inhibitors (Thermo
Scientific, Rockford, IL). Samples were cooled to room
temperature, followed by centrifugation at 10,000 x g for
10 minutes to obtain clear supernatants. In the initial
experiments assessing HSF1 status in FA-treated cells, a set
of soluble lysates was also prepared using phosphate-
buffered saline (PBS) containing 1% Triton X-100, 20
mmol/L. N-ethylmaleimide, and protease/phosphatase in-
hibitors (referred to as 1% Triton buffer). Proteins were
separated by SDS-PAGE on 8% gels and electrotransferred
overnight onto ImmunoBlot polyvinylidene difluoride
membranes (Bio-Rad, Hercules, CA). Primary antibodies
were anti—K48-linked polyubiquitin (4289S; dilution
1:1000), anti—K63-linked polyubiquitin (5621S; dilution
1:1000), anti—phospho-T68-checkpoint kinase (CHK)2
(2661; dilution 1:1000), anti—phospho-S317-CHK1 (2344,
dilution 1:1000), anti—phospho-S15-p53 (9284; dilution
1:1000), anti—glyceraldehyde-3-phosphate dehydrogenase
(3683; dilution 1:2000), and anti-HSF1 (4356S; dilution
1:1000) from Cell Signaling Technology (Danvers, MA);
anti-fibrillarin (ab5821; dilution 1:5000), anti—phospho-
S1981-ATM (ab81292; dilution 1:1000), and anti—
phospho-S326-HSF1 (ab76076; dilution 1:1000) from
Abcam (Cambridge, MA); anti—phospho-S824-KAP1
(A300-767A; dilution 1:1000) from Bethyl Laboratories
(Montgomery, TX); anti-tubulin (T6557; dilution 1:2000)
from Sigma-Aldrich. Horseradish peroxidase-conjugated
goat anti-mouse IgG (12-349; dilution 1:5000) and goat
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anti-rabbit IgG (7074; dilution 1:2000) were from Millipore

(Billerica, MA) and Cell Signaling Technology,
respectively.
Immunofluorescence

Cells were seeded on human fibronectin-coated coverslips
and allowed to attach overnight before exposures to FA and
other stressors. S-phase cells were labeled by the addition of
10 umol/L. 5-ethynyl-2’-deoxyuridine (EdU) for 1 hour
before FA treatments. At the end of the incubation times,
media were aspirated, and cells were rinsed with PBS. Two
different methods were used for cell fixation: —20°C-chilled
methanol for 10 minutes at 4°C or 3.7% paraformaldehyde
for 10 minutes at 4°C (only for pS326-HSF1 staining). Both
methanol- and paraformaldehyde-fixed cells were
permeabilized with PBS-0.5% Triton X-100 for 15 minutes
at room temperature. Coverslips were blocked with 2% fetal
bovine serum for 30 minutes, followed by EdU staining
using Click-iT EdU-Alexa Fluor 488 Imaging kit (Thermo
Scientific). Primary antibodies for K48-linked polyubiquitin
(05-61307; Millipore), K63-linked polyubiquitin (BML-
PWO0600; Enzo, Farmingdale, NY), phospho-S326-HSF1
(ab76076; Abcam), HSF1 (4356; Cell Signaling Technol-
ogy), FK2 (BML-PW8810; Enzo), HSP72/73 (HSPO1,
Millipore) were all used at 1:200 dilution. The secondary
antibodies, A11029 Alexa Fluor 488 goat anti-mouse and
A11036 Alexa Fluor 568 goat anti-rabbit (both at 1:500
dilution), were from Life Technologies (Carlsbad, CA). All
antibody dilutions were made in a PBS solution containing
1% bovine serum albumin and 0.5% Tween-20. Cells were
incubated with primary antibodies for 2 hours at 37°C,
washed three times with PBS, and then incubated with
secondary antibodies for 30 minutes at 37°C. Coverslips
were mounted on glass slides using a fluorescence mounting
media with DAPI (H-1200; Vectashield, Burlingame, CA).
Cells were viewed and imaged on a Nikon (Melville, NY)
E-800 Eclipse fluorescent microscope at x200 magnifica-
tion. Confocal images were taken on a Zeiss (Thornwood,
NY) LSM710 confocal microscope at x630 magnification.

Quantitative RT-PCR

RNA was purified from cells using TRIzol (Thermo
Scientific). Briefly, cells were collected by trypsinization,
washed with PBS, and lysed in TRIzol (1 mL/1.2 X 10°
cells) for 5 minutes at room temperature. Cell lysates were
extracted with 200 pL of chloroform per sample, and the
upper aqueous phase containing RNA was collected after
centrifugation. RNA was then precipitated with 0.5 mL of
isopropanol, washed with 75% ethanol, and resuspended in
RNase-free water. Purity of RNA was assessed by a
Nanodrop spectrophotometer. cDNA was synthesized using
the RT First Strand kit (SABiosciences, Frederick, MD)
following the manufacturer’s instructions. PCR reactions
were performed using the Human Heat Shock Proteins &
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Chaperones RT Profiler PCR Array (PAHS-076ZE;
SABiosciences) in the ABI 7900HT Real-Time PCR
System (Applied Biosystems, Carlsbad, CA). Four house-
keeping genes B2M, HPRTI1, RPLI3A, and ACTB were used
for normalization purposes. Differences in gene expression
were calculated by the 27" method. Individual quanti-
tative RT-PCR reactions for DDIT3, ATF4, and PPPIRI5A
were performed using the ViiA7 system (Thermo Fischer).
Three housekeeping genes B2M, TBP, and GAPDH were
used for normalization. All individual sets of primers were
purchased from SABiosciences (catalog no.: PPHOO310A
for DDIT3, PPHO2016A for ATF4, PPHO2081E for
PPPIRI5A, PPHOO1150F for GAPDH, PHO1091G for TBP,
and PPHO1094E for B2M).

Cytotoxicity of FA Treatments

Measurements of the metabolic activity using the CellTiter-
Glo luminescent cell viability assay (Promega, Madison,
WI) and scoring of the colony-forming ability were used for
the assessment of cytotoxicity. In the clonogenic survival
procedure, H460 cells were seeded onto 6-well plates at
40% to 50% confluence and grown overnight. On the next
day, cells were treated with FA (three wells per dose),
washed, trypsinized, and seeded at 200 cells/well in 6-well
plates. Cells were allowed to form visible colonies over 7 to
8 days and then fixed with methanol and stained with the
Giemsa solution (Sigma-Aldrich). For the CellTiter-Glo
assay, cells were seeded into 96-well optical cell culture
plates (2000 cells/well for H460 and 1000 cells/well for
IMR90 and HBE cells), grown overnight, and then treated
with FA (four wells per dose). The assay measurements
were recorded at 72 hours after FA removal.

Statistical Analysis

Statistical differences between the groups were evaluated by
two-tailed, unpaired #-test. Results in multiple comparisons
were adjusted using the Bonferroni correction.

Results

K48-Polyubiquitination of Proteins in Response to FA

Cells target damaged proteins for proteasomal degradation
by triggering their polyubiquitination. Therefore, if FA is a
proteotoxic stressor, then FA-treated cells should show
accumulation of polyubiquitinated proteins. In the first set of
experiments, we used human H460 cells that we have
previously characterized for various cytotoxic and DNA
damage-related responses to FA.'”?’??  FA-induced
signaling in H460 was similar to that in normal human
cells. We found that a treatment of H460 cells with 300
umol/LL FA for 3 hours caused a massive formation of
polyubiquitinated proteins as detected by immunostaining
with a polyubiquitin-specific FK2 antibody (Figure 1A).
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This is a widely used antibody that recognizes a protein-
conjugated polyubiquitin but not free ubiquitin. Our FA
treatment corresponded to the conditions that inhibited p53
activation.”’ Unlike DNA and chromatin damage-related
stress signaling,'”*** accumulation of polyubiquitinated
proteins was not restricted to S-phase cells (EdU-positive
cells) and occurred in all cells (Figure 1A). Ubiquitin can
form biologically very different polyubiquitin chains,
depending which Lys position is used for linkages. The
presence of Lys48(K48)-linked polyubiquitin chains leads
to binding to proteasomes and triggers degradation of
proteins.”’ With the use of K48 linkage-specific antibodies,
we found the formation of proteasome-targeted poly-
ubiquitinated proteins in all FA-treated cells, which was
more extensive than in cells subjected to a 43°C heat shock
(Figure 1B). Although the used dose of FA clearly induced
massive protein polyubiquitination, it was also quite toxic
(25% to 30% viability) in two long-term viability assays that
measured metabolic activity or the colony-formation ability
(Figure 1C). However, the accumulation of K48-
polyubiquitinated proteins was not limited to the highly
toxic doses of FA, because a minimally cytotoxic 1-hour
exposure to FA (90% to 95% viability) (Figure 1C) also
caused a strong signal for the high molecular weight K48-
polyubiquitin  products in soluble cellular proteins
(Figure 1D). The 3-hour long exposures to FA and the
proteasome inhibitor MG 132 produced comparable amounts
of K48-polyubiquitinated proteins, demonstrating a high
proteotoxic activity of FA. Proteins can also contain cova-
lently attached K63-linked polyubiquitin chains that play a
role in signaling processes, including DNA repair.”’ We did
not detect significant changes in the levels of K63-specific
polyubiquitination in either soluble or insoluble cellular

Control

Control

D 300 pmolll FA() g

K48-Ub

wbuin

Formation of polyubiquitinated proteins in FA-treated H460 human lung cells. A: Representative images of cells stained for DNA (DAPI), S-phase

Figure 1

300 umol/LFA, 3h

1 2 3 MG132

proteins (Figure 1, E and F). These negative results were not
caused by technical factors, because simultaneously
run samples of cells treated with a general deubiquitinase
inhibitor G5 produced clear increases in K63-
polyubiquitinated proteins.

To examine proteotoxic responses in primary human
cells, we analyzed FA-treated IMR90 and HBE cells by
immunostaining with the polyubiquitin-binding FK2 anti-
body (Figure 2A). Both types of normal cells showed strong
increases in the protein polyubiquitination already after brief
1-hour long treatments with FA, which caused only modest
decreases in the long-term viability of these cells
(Figure 2B). Western blot analysis with linkage-specific
antibodies confirmed the accumulation of K48- but not
K63-polyubiquitinated proteins in IMR90 cells at different
times of FA exposure and recovery (Figure 2C). The lack of
increases in K63-polyubigqitinated proteins in proteasome-
inhibited cells (MG132 lane) is consistent with the non-
proteolytic role of this type of ubiquitin linkages. Confocal
imaging showed that most FA-induced protein poly-
ubiquitination was cytoplasmic, but polyubiquitinated pro-
teins were also detectable in the nucleus, especially in HBE
cells (Figure 2D).

Heat Shock Response to FA

Accumulation of damaged or misfolded proteins triggers a
heat shock response, which involves activation of the HSF1
transcription factor.”®?’ To test whether FA-induced pro-
teotoxic stress induces the heat shock response, we exam-
ined classic markers of HSF1 activation such as its nuclear
translocation and hyperphosphorylation. We found that
FA-treated H460 and IMR90 cells showed large amounts of

43°C, 1h

Viability (%)

—e— Viability

—A— Clonogenic

300 pmol/L FA (h)

E F Insoluble proteins
10 pmol/L G5 (h) 300 pmol/L FA (h) 300 pmollL FA (h)
1 3 1 2 3 - 1 2 3
tubulin [———————— Fibrillarin : : : :

cells (EdU), and polyubiquitinated proteins (FK2 antibody). Cells were treated with FA for 3 hours in complete medium. B: Immunostaining for K48-Ub in FA-
treated (3 hours) and heat-shocked cells. C: Cell viability and colony formation after FA treatments. Viability was measured at 72 hours after FA exposure. D:
Formation of K48-Ub by FA and MG132 (5 umol/L). Tubulin is used as a loading control. E: Western blot analysis for K63-specific polyubiquitination of soluble
proteins in cells treated with FA and the deubiquitinase inhibitor G5. F: Western blot analysis for K63-Ub in the insoluble cellular proteins. Fibrillarin was used
as a loading control. Data are expressed as means £ SD. n = 2 independent experiments, each including three dishes (clonogenic survival) or four wells
(viability assay) per dose (C). EdU, 5-ethynyl-2’-deoxyuridine; FA, formaldehyde; K48-Ub, K48-linked polyubiquitin; K63-Ub, K63-polyubiquitination.
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C IMR90 D

FA for 3h S pmol/L
300 pmol/L FA, (h) Recovery, h MG132
D 1 2 3 2 4 3h

K48-Ub '..- - -

| 250 kDa

FK2
| 250 kDa DAPI

K63-Ub
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250 kDa
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Figure 2

Control

FK2
DAPI

HBE B

100 umol/L FA, 1h 300 pmol/L FA, 1h

Viability (%)

IMR90
300 pmol/L FA

1 2
FA treatment (h)

Viability (%)

6 100 200 300
FA (umol/L)

IMR90

300 pmol/L FA, 3h Control 100 pmollL FA, 1h

Polyubiquitination of proteins in response to FA in primary human cells. A: Epifluorescence images of IMR90 and HBE cells stained for DNA (DAPI)

and polyubiquitinated proteins (FK2 antibody). B: Viability of IMR90 cells treated with 300 pmol/L FA for 0 to 3 hours and HBE cells treated with 0 to 300
pumol/L FA for 1 hour. Cell viability was measured at 72 hours after FA removal. C: Western blots for linkage-specific polyubiquitination in the soluble (top
panel) and insoluble (bottom panel) proteins. Tubulin and fibrillarin were used as loading controls. D: Confocal images of IMR90 and HBE cells immuno-
stained for polyubiquitinated proteins with FK2 antibody. Data are expressed as means + SD. n = 3 (IMR90) or 2 experiments (HBE), each including four wells
per dose (B). FA, formaldehyde; HBE, human bronchial epithelial; K48-Ub, K48-linked polyubiquitin; K63-Ub, K63-polyubiquitin.

nuclear HSF1, which was comparable with responses
induced by the proteasome inhibitor MG132 and the
canonical HSF1 activator heat shock (Figure 3, A and B).
The presence of hyperphosphorylated HSF1 is detected by
its slower migration in SDS-PAGE gels. Heat shock-
activated HSF1 forms nuclear complexes of different solu-
bility.”” To examine the presence of phosphorylated HSF1
in FA-treated cells, we first tested cell lysates prepared with
three different detergents. We found that our standard 1%
NP40 lysis buffer used for extraction of soluble proteins for
the determination of polyubiquitinated proteins gave the
highest sensitivity for the detection of both total HSF1 and
its Ser326-phosphorylated form (Figure 3C). The NP40
buffer has also been effective in extracting chromatin-bound
DNA repair proteins’' and other stress-responsive tran-
scription factors such as HIF1 o and p53.% Irrespectively of
the lysis buffer, FA treatments clearly showed the
hyperphosphorylation-associated upward shift in HSF1
mobility and extensive Ser326 phosphorylation. The pres-
ence of Ser326 phosphorylation has been associated with
the acquisition of the transactivation activity by HSF1.*
The extent of HSF1 hyperphosphorylation by FA was
comparable with that induced by the proteasome inhibitor
MG132 at the same duration of exposure; however, FA was
a more potent inducer of Ser326 phosphorylation than
MGI132 in H460 cells (Figure 3D). These differences in

The American Journal of Pathology m ajp.amjpathol.org

Ser326 phosphorylation were unrelated to the amounts of
polyubiquitinated proteins, which were comparable for
5 pmol/L MG132 and all FA treatments. A stronger ability
of FA to induce Ser326-HSF1 phosphorylation in compar-
ison with MG132 was also observed in normal IMR90 cells
by immunostaining, excluding cell- and assay-specific
effects as causes of these differences (Figure 3E). The
levels of Ser326 phosphorylation by FA were comparable
with those by a 43°C treatment, pointing to a closer simi-
larity of FA to heat shock than to proteasome inhibitors. A
time-course study of cells treated with FA for 1 to 3 hours
found a very good correlation between the amounts of
K48-polyubiquitinated proteins and activation of HSFI1 as
assayed by its Ser326 phosphorylation, slower migration
and nuclear HSF1 staining (Figure 4, A—C). Markers of
activated HSF1 and protein polyubiquitination also showed
similar kinetics of decay during recovery of cells after FA
damage. These observations raised a question whether there
is a cause-effect relationship between the accumulation of
polyubiquitinated proteins and HSF1 activation. To explore
a potential link between these two markers of proteotoxic
stress, we compared responses after brief 30- and 60-minute
treatments with FA and the proteasome inhibitor MG132 in
serum-free medium, which permits comparable rates of
diffusion of both chemicals into cells due to elimination of
FA binding with serum proteins. We found that MG132
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A H460 B

HSF1 HSF1/DAPI
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p-HSF1
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T e |
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Figure 3

(8326) -

IMR90 C

HSF1/DAPI
H460
Lysis buffer 2% SDS 1% NP40 1% Triton
FA(umol/l) 0 200 300 "0 200 300 0 200 300
HSF1 | - -y S T ey — ‘|
tubulin | |
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(S326) [ —— — — _.—.|
- tubulin }__.._.__._—.—._—-—.l
IMR90
Control 300 pmol/LFA 43°C 5 pmol/L MG132

Nuclear accumulation and phosphorylation of HSF1 in FA-treated human cells. A and B: H460 (A) and IMR90 (B) cells were treated (FA and

MG132 for 3 hours, 43°C for 1 hour) and immunostained for HSF1. C: Western blots for HSF1 and Ser326-phosphorylated HSF1 in protein extracts prepared from
H460 cells using different lysis buffers. FA treatments were for 3 hours. Tubulin was used as a loading control. D: HSF1 phosphorylation and K48-Ub of soluble
cellular proteins (1% NP40 extraction) after H460 treatments with FA and MG132. E: Representative images of IMR90 normal human cells immunostained
for Ser326—p-HSF1. Cells were exposed to FA or MG132 for 3 hours, and 43°C for 1 hour. FA, formaldehyde; HSF1, heat shock factor 1; K48-Ub,

K48-polyubiquitination; p-HSF1, phosphorylated HSF1.

caused a rapid accumulation of polyubiquitinated proteins,
which was not accompanied by significant changes in HSF1
mobility and Ser326 phosphorylation (Figure 4D). In
contrast, FA induced very clear increases in Ser326 phos-
phorylation and slower HSF1 mobility without a detectable
accumulation of polyubiquitinated proteins at these times.
Thus, HSF1 activation is an early stress response to FA,
which is triggered before the buildup of polyubiquitinated
proteins.

Heat shock responses have been induced by UV and
jonization radiation,”**> which act as both DNA- and
protein-damaging agents. Because FA also damages DNA
and proteins, we sought to compare proteotoxic responses
by FA and DNA-damaging chemicals with minimal or no
protein damage. We selected a widely used replication
stressor hydroxyurea, which inhibits synthesis of
deoxyribonucleotides, the radiomimetic bleomycin, which
causes strand breaks following intercalation into the DNA
duplex, and the topoisomerase I inhibitor camptothecin,
which traps topoisomerase I covalently attached to a DNA
break. We found that none of the three DNA-damaging
agents induced a detectable accumulation of K48-
polyubiquitinated proteins after 1-hour long treatments
despite their induction of higher levels of DNA damage in
comparison with FA, as judged by a much stronger DNA
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damage-associated stress signaling reflecting phosphoryla-
tion of ATM (Ser824-KAP1) and ataxia telangiectasis and
Rad3 related (ATR; Ser317-CHK1) targets (Figure 4E). In
agreement with these results, only FA but not hydroxyurea,
bleomycin, or camptothecin stimulated activating phos-
phorylation of HSF1 at Ser326 (Figure 4E). Longer 3-hour
treatments with all three DNA-damaging agents produced
small increases in K48-polyubiquitination (Figure 4E),
likely reflecting the formation of DNA repair-related poly-
ubiquitinated products.’®*” Thus, both the extent and the
timing of K48-polyubiquitination by FA are clearly
consistent with its proteotoxic, not genotoxic properties.
To assess the impact of FA on gene expression of pro-
teins involved in protein folding and stability, we performed
quantitative RT-PCR for 84 genes included in the Heat
Shock Proteins & Chaperons PCR Array from SABio-
sciences. IMR90 normal human cells treated for 2 hours
with 10 pmol/L MG132, a dose that causes a shift in HSF1
mobility and a strong nuclear accumulation of HSF1, were
used as a positive control. MG132 caused large increases in
gene expression of two inducible members of the HSP70
family, HSPAIA and HSPAIB (Figure 5, A and B). A more
modest up-regulation was also observed for the HSP40
member DNAJBI (3- + 0.9-fold increase, P < 0.05). No
other genes were significantly induced or repressed by
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Figure 4

Time-dependent induction and recovery of proteotoxic responses. A: Epifluorescence images of IMR90 stained for HSF1 and DNA (DAPI). Cells

were treated with 300 pmol/L FA for 3 hours in complete medium and fixed after 0 to 3 hours recovery. B and C: HSF1-Ser326 phosphorylation (B) and levels of
K48-Ub during and after FA treatments of IMR90 cells in complete medium (C). D: Time-dependent activation of HSF1 by FA and MG132 in serum-free medium.
E: Proteotoxic and genotoxic responses in H460 cells treated with 5 mmol/L HU, 10 umol/L Bleo, 1 pumol/L CPT, or 300 umol/L FA. Bleo, bleomycin; CPT,
camptothecin; FA, formaldehyde; HSF1, heat shock factor 1; HU, hydroxyurea; K48-Ub, K48-polyubiquitinated proteins; p-HSF1, phosphorylated HSF1.

MG132 above the twofold threshold (marked by the two-
lane corridor). Cells treated with FA for 1 or 2 hours also
strongly up-regulated expression of HSPAIA and HSPAIB
genes (Figure 5, B—D). Unlike MG132, both FA treatments
also induced expression of another HSP70 member, HSPAG6,
and repressed transcription of the HSP40 gene DNAJB7
(6.8- + 2.6-fold decrease, P < 0.05, and 9.8- £+ 4.2-fold
decrease, P < 0.05, for 1 and 2 hours treatments, respec-
tively). DNAJB7 is one of the HSP70 co-chaperones with a
promiscuous client-binding specificity.” A strong up-
regulation of inducible HSP70 members by FA was also
observed on the protein level in two types of cells, which
was comparable with heat shock responses (Figure SE).
Supporting in vivo relevance of our gene expression find-
ings, chronic inhalation exposure of rats to FA induced a
testicular injury and elevated HSP70 expression in the
seminiferous epithelium.”” Down-regulation of DNAJB7
expression by FA could result from its direct damage to
specific transcription cofactors, making them nonfunctional.
This suggestion is consistent with the fact that the protein-
nondamaging stressor MG132 did not cause the same
transcriptional repression.

Proteotoxic conditions frequently induce the unfolded
proteins response (UPR), which is triggered by the accu-
mulation of misfolded or unfolded proteins in the endo-
plasmic reticulum.” Activation of specific UPR branches
leads to the transcriptional up-regulation of a characteristic
set of genes. None of the three canonical UPR target genes
DNAJB6 (fold changes: 1.2 & 0.1 for 1 hour and 0.8 & 0.1
for 2 hours of FA), HSP90BI (fold changes: 1.1 £ 0.1 for 1
hour and 0.8 + 0.1 for 2 hours of FA), HSPA5 (fold
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changes: 1 & 0.4 for 1 hour and 0.8 £ 0.2 for 2 hours of
FA), three protein kinase RNA-like endoplasmic reticulum
kinase pathway members DDIT3 (fold changes: 0.9 £ 0.2
for 1 hour and 0.9 + 0.1 for 2 hours of FA), ATF4 (fold
changes: 1 & 0.1 for 1 hour and 1.1 £ 0.1 for 2 hours of
FA), PPPIRI5A (fold changes: 1 £ 0.2 for 1 hour and
1 + 0.1 for 2 hours of FA), or the inositol-requiring enzyme
1 pathway member ATF6 (fold changes: 0.6 + 0.2 for 1
hour and 0.5 £+ 0.1 for 2 hours of FA) showed higher
expression after FA treatments, indicating the absence of a
significant endoplasmic reticulum stress. It is possible that
UPR can be up-regulated at different doses or longer FA
treatments. UPR activation by FA has been reported in
A549 human lung cells; however, the observed increases in
the UPR readouts were modest (approximately 1.5-fold) and
coincided with the activation of apoptotic events.*' Similar
to the endoplasmic reticulum UPR, gene expression of the
components of the mitochondrial unfolded response
(DNAJA3, HSPD1, HSPEI, HSPA9)"* was also not signif-
icantly altered by 1- and 2-hour long treatments of IMR90
with 300 umol/L FA (0.8- to 1.3-fold changes range).

FA Toxicity in HSP90-Inhibited Cells

Heat shock proteins HSP70 and HSP90 are ATP-dependent
molecular chaperones that promote folding and stabilization
of client proteins in their active conformations.”® Inhibition of
ATPase activity of HSP70/90 blocks their activity, which can
be used for testing the importance of these major protein
chaperones in cellular resistance to a particular stressor. To
validate this approach, we examined cytotoxicity of heat
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Figure 5  Gene expression of heat shock proteins and protein chaperones. The gene expression was determined by quantitative RT-PCR using the Human
Heat Shock Proteins & Chaperones RT Profiler PCR Array (panels A—D). A: Scatter plot of relative expression for 84 heat shock/protein chaperones-related
genes in control and MG132-treated IMR90 cells. Log-transformed values of the relative expression level of each gene (272%") between MG132-treated
(v axis) and control cells (x axis) are shown. The two-lane corridor indicates a twofold threshold in expression changes. Up-regulated and down-regulated
genes by the treatment are indicated by red and green symbols, respectively. B: Expression of HSP70 heat shock genes in MG132-and FA-treated IMR90
cells. C and D: Relative expression for 84 heat shock/protein chaperones-related genes in 1 hour FA-treated (C) and 2 hours FA-treated (D) IMR90 cells.
E: Epifluorescence images for protein expression of inducible HSP70 (HSP72/73) in cells treated with FA or subjected to heat shock. Data are expressed as
means (A, C, and D) or means £ SD (B). n = 3 experiments (A—D). *P < 0.05, **P < 0.01, and ***P < 0.001 relative to untreated controls. FA, form-
aldehyde; HSP70, heat shock protein 70; ns, not significant; p-, phosphorylated.

shock in cells with transiently inhibited HSP90 and HSP70
(Figure 6A). We found that inhibition of HSP90 with a
water-soluble analogue of the antibiotic geldanamycin,
17-DMAG, caused a strong reduction in cell viability,
whereas inactivation of ATPase activity of HSP70 by VER-
155008 had only a modest effect. Heat shock is a strong
inducer of both HSP70 and HSP9O,28 and the observed dif-
ference in protective effects of these proteins could be related
to off-target effects of the used inhibitor of HSP70 or
pleiotropic cellular effects of HSP70 inhibition. A selection
of HSP70 inhibitors is currently limited, and VER-155008 is
the most commonly used drug. In light of a high target
selectivity by 17-DMAG and its potent effect on toxicity
of heat shock, we used this inhibitor to assess the role of
HSP90 in protection of cells against FA. We found that
2-hour long treatments of H460 cells with 200 and 300 pmol/
L FA, doses that induced large amounts of K48-
polyubigqitinated proteins (Figures | and 3), were signifi-
cantly more cytotoxic to HSP90-inhibited cells, as measured
by colony formation and cell viability assays (Figure 6, B and
C). Consistent with its protein conformation-stabilizing role,

2864

inhibition of HSP90 activity increased the amount of proteins
targeted for proteolysis in FA-treated cells (Figure 6D). Low
FA concentrations, such as 100 umol/L in H460 cells, did not
cause detectable increases in the steady-state levels of K48-
polyubiquitination (Figure 6E), raising a question whether
cytoprotection by HSP90 is limited to high doses of FA. We
found that inhibition of HSP90 activity also reduced cell
viability after low FA doses that were either minimally or
even noncytotoxic in H460 cells (Figure 6F). The inability of
FA to up-regulate HSP90 expression (Figure 5, C and D)
makes cells dependent on the constitutive levels of this
chaperone and probably limits their potential to suppress
adverse effects of FA-induced protein damage. In addition to
its role in suppressing toxicity of FA-damaged proteins,
HSP90 activity can potentially be important for DNA dam-
age responses. We found that inhibition of HSP90 by
17-DMAG had no apparent effect on the activation of the
apical DNA damage-responsive kinase ATM as evidenced by
normal levels of its autophosphorylation and phosphorylation
of its target, CHK2 kinase (Figure 6G). The main trigger of
ATM activity in FA-treated cells is chromatin damage in
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Figure 6  Role of HSP90 in FA resistance. Cell viability was measured at 72 hours after heat shock or FA treatments. A: Impact of HSP90 (17-DMAG) and
HSP70 (VER-155008) inhibitors on viability of heat shocked H460 cells (43°C, 40 minutes). Inhibitors were present during heat shock and for the first 4 hours
of recovery. B and C: Cell viability (B) and clonogenic survival (C) of H460 cells treated with FA for 2 hours; 17-DMAG (0.2 umol/L) was present during FA
treatments and for the first 4 hours of recovery. D: Higher levels of K48-polyubiquitinated proteins in FA-treated H460 cells in the presence of 17-DMAG.
E: K48-polyubiquitination of proteins in H460 cells treated with FA for 6 hours. F: Viability of H460 cells treated with FA for 6 hours in the absence or presence
of 0.2 umol/L 17-DMAG. G: Effects of 17-DMAG on ATM-dependent (left panel) and ATR-dependent (right panel) signaling events in FA-treated cells. Data are
expressed as means & SD. n = 3. *P < 0.05, **P < 0.01. ATM, ataxia-telangiectasia mutated; ATR, ataxia telangiectasia and Rad3 related; CHK, checkpoint
kinase; FA, formaldehyde; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HSP90, heat shock protein 90; K48-Ub, K48-polyubiquitination; 17-DMAG,
17-demethoxy-17-[[2-(dimethylamino)ethyl]amino]geldanamycin hydrochloride.

S phase.”” FA-induced replication stress stimulates ATR ki- assessment.”” FA-induced and other forms of DPCs are
nase that phosphorylates CHK1 kinase and the transcription potent blockers of DNA replication caused by stalling of
factor p53.”” HSP90-inhibited cells showed normal levels of ring-shaped replicative helicase complexes that are unable
phospho-CHK1 but elevated amounts of phospho-p53 to slide through the sites of covalently attached proteins.”’*’
(Figure 6G), pointing to a selectively enhanced ATR The genotoxic stress resulting from DPC-mediated replica-
signaling. tion blockage led to the stimulation of the damage-

responsive kinase ATR that phosphorylated and activated

Discussion the proapoptozt(i)c transcription factor p53 exclusively in the

S-phase cells.”” Consequently, nonreplicating cells lack this
Protein Damage and FA Toxicity DPC-dependent form of cytotoxicity. One of the main

models for explanation of FA carcinogenicity is
As summarized graphically (Figure 7), our results showed cytotoxicity-based regenerative proliferation.”** In this
that FA is a potent proteotoxic chemical as evidenced by its mechanism, which is also used for risk assessment
induction of large amounts of K48-polyubiquitinated pro- modeling, a critical parameter is the replicative state of cells,
teins, which are substrates for proteasomal degradation,”’ because only replicating cells were thought to experience
and a rapid activation of the protein damage-sensitive cell death signaling caused by DPCs. Our results here
transcription factor HSF1 in different types of human showed that all FA-treated cells experience another major
cells, including primary cells. The prominence of protein form of cytotoxic injury, namely, extensive protein damage
damage in FA-induced cellular injury was demonstrated by and proteotoxic stress. Thus, induction of cell death by FA
the detection of proteotoxic responses after brief, mildly is not limited to replicating cells. If FA was only toxic to
cytotoxic exposures. A transient inhibition of HSP90 replicating cells, chronically exposed tissues should have
chaperone activity resulted in lower levels of cell viability, shown degenerative pathology not regenerative prolifera-
indicating the importance of the protein homeostatic tion, because FA would be killing only proliferating stem/
mechanisms in FA resistance. FA has long been known and progenitor cells but not differentiated cells. Direct exposures
extensively used as a DNA-protein crosslinking agent. The to FA or its production from ingested methanol are also
formation of DPCs has generally been considered as the associated with noncancer health effects, including neuro-
main cytotoxic form of cellular injury, and the kinetics of toxicity.” ® Neurons are terminally differentiated cells that
these genetic lesions has been used in human risk are known to be much more sensitive than other types of
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tion of the protein damage-sensitive transcription factor HSF1. Accumu-
lation of FA-damaged proteins causes cytotoxicity, which counteracted by
the chaperone activity of HSP90. Misfolded proteins undergo K48-poly-
ubiquitination and subsequent proteasomal degradation. FA, formalde-
hyde; HSF1, heat shock factor 1; HSP90 heat shock protein 90; K48-Ub,
K48-polyubiquitination.

cells to a variety of proteotoxic conditions, such as the
production of specific misfolded proteins,”* chronic expo-
sure to low levels of cysteine-reactive metals,”*"’ or when
cellular capacity for disposal of normally damaged/aged
proteins is diminished.*® Proteotoxicity, therefore, fits well
as a plausible cause of FA-associated neurotoxic effects.
FA-damaged proteins can elicit cytotoxic effects via
abnormal cellular biochemistry resulting from a direct in-
hibition of specific enzymes and structural defects in the
multicomponent complexes. The formation of large
amounts of damaged proteins can also potentially diminish
the availability of the ubiquitin-proteasome system for
removal of DNA-crosslinked proteins at high FA doses,
which would indirectly enhance genotoxicity of FA. Pro-
teolytic repair of FA-induced DPC has been shown to be a
proteasome activity-dependent process.' >

A loss of the Fanconi anemia proteins has been found to
result in hypersensitivity of cells to toxic effects of FA in
cultured cells and in vivo.'""'”'® The Fanconi pathway plays
a major role in repair of interstrand DNA crosslinks, and its
importance in FA resistance has also been assumed to be
related to the involvement in repair of DNA damage.
However, the absence of the hypersensitivity phenotype in
the essential components of homologous recombination
repair,lx which are all critical for resistance to DNA cross-
links, is inconsistent with the primary role of Fanconi ane-
mia proteins in repair of FA-DNA damage. In addition to
proteasomes, autophagy is another major cellular process
for disposal of misfolded or otherwise damaged proteins."
A recent discovery of the role of Fanconi pathway
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proteins in autophagy™’ raises a possibility that FA hyper-
sensitivity of cells lacking FANC genes could be related to
the compromised removal of FA-damaged proteins via
autophagy.

Proteotoxic Responses to FA

FA-treated cells showed accumulation of the proteasome-
targeting K48-polyubiquitination of proteins and activation of
HSF1, which is the main heat shock-responsive transcription
factor in human and other mammalian cells.”**’ Accumula-
tion of K48-polyubiquitinated proteins in FA-treated cells
reflected the presence of damaged proteins and not inhibition
of deubiquitinases, as evidenced by the absence of changes in
nonproteolytic K63-linked polyubiquitination. Inhibition of
proteasomes also resulted in the buildup of K48-
polyubiquitinated proteins, which preceded HSF1 activa-
tion, suggesting that HSF1 responded to the consequences of
the inability of cells to digest ubiquitinated proteins. In the
case of FA, HSF1 activation occurred earlier than the accu-
mulation of polyubiquitinated proteins, indicating that HSF1
was responsive to the presence of protein damage and not the
result of massive protein polyubiquitination. Although both
proteasome inhibition and FA changed gel mobility of HSF1
indicative of its hyperphosphorylation,”*" FA caused a
much stronger Ser326 phosphorylation, demonstrating
another difference in HSF1 activation by proteasome inhibi-
tion and FA. Ser326 phosphorylation has been linked to a
more efficient association of HSF1 with its coactivator death-
domain associated protein.”” Heat shock-induced phosphor-
ylation of Ser326 has been attributed to mammalian target of
rapamycin complex 1.°° It remains to be determined whether
the same kinase is responsible for this HSF1 modification in
response to FA.

Activation of HSFI involves several steps.”*”’ Under
normal conditions, HSF1 resides as an inactive monomer in
the cytoplasm where its activity is repressed via binding
with the protein chaperones HSP90, HSP70, and HSP40.
Accumulation of damaged/misfolded proteins during
proteotoxic stress is thought to titrate away HSP90, allowing
HSF1 to form homotrimers and move into the nucleus
where it binds to promoters of heat shock-responsive genes.
A full transactivation of HSF1 is associated with the
dissociation of HSP70/HSP40 and hyperphosphorylation
involving up to 12 amino acids. Other studies have also
reported the importance of disulfide bridges in the formation
of active HSF1 trimers, which is viewed as a direct sensing
response for proteotoxic stressors.”' > Both the classical
chaperone displacement model and the intrinsic response
mechanism can also be involved in the activation of
HSF1 by FA. Accumulation of damaged proteins by
FA exposure was evident from the massive presence of
K48-polyubiquitinated proteins, whereas the heightened
sensitivity of cells to FA cytotoxicity by HSP90 inhibition
demonstrated the importance of this chaperone in stabili-
zation of cellular proteins. As a crosslinking agent with a
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strong affinity for SH-groups, FA can also potentially
cause crosslinking of HSF1 monomers via methylene
bridging of their cysteines [monomer(A)-S-CH,-S-mono-
mer(B)]. Testing the involvement of this crosslinking
mechanism is likely to represent a significant technical
challenge due to hydrolytic instability of S-adducted FA.
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