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hnRNPK modulates selective quality-control autophagy by
downregulating the expression of HDAC6 in 293 cells
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Abstract. hnRNPK modulates selective quality-control
autophagy bAbstract. A recent study has reported that hetero-
geneous nuclear ribonucleoprotein K (hnRNPK) regulated
autophagy in leukemia cells. However, the underlying mecha-
nism of this remains elusive. The present study assessed the
role of hnRNPK in the autophagy of the 293 cell line and
investigated the associated molecular mechanisms of this. It
was revealed that hnRNPK-knockdown with siRNA or the
CRISPR-Cas9 system could increase the level of autophagy,
while hnRNPK-overexpression exerted the opposite effect
in 293 cells under normal nutrient conditions. By contrast,
hnRNPK-knockdown or -overexpression had no effect on
serum starvation- or rapamycin-induced autophagy. Therefore,
hnRNPK was likely involved in the late stage of autophagy
rather than the early stage. Furthermore, it was observed that
hnRNPK deficiency led to the decrease in a-tubulin K40 acety-
lation in hnRNPK single allele knockout (hnRNPK*") cells. In
accordance with this result, it was revealed that the mRNA and
protein levels of histone deacetylas 6 (HDAC6) were upregu-
lated in hnRNPK*" cells compared with the wild-type cells. As
a consequence, autophagosome-lysosome fusion in hnRNPK*"
cells was significantly enhanced and could be effectively
suppressed by treatment with the selective inhibitor of HDACG6,
tubastatin A (Tub A). Furthermore, prominent co-localization
of ubiquitin-positive aggregates with LC3-positive autophago-
somes was observed in hnRNPK*- cells, but not in the wild-type
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or hnRNPK*" cells treated with Tub A. Taken together, these
results suggested that hnRNPK may regulate basal autophagy
through modulating the expression level of HDAC6 to influ-
ence the autophagosome-lysosome fusion.

Introduction

Autophagy serves roles in a variety of physiological and
pathophysiological processes, including starvation response,
intracellular protein and organelle clearance, development,
anti-aging, elimination of microorganisms, cell death, tumor
suppression and antigen presentation (1). Dysfunction of
autophagy is associated with cancer, neurodegeneration,
microbial infection and aging (2). Autophagy has long
been characterized as a non-selective degradative pathway
activated by starvation. However, it has become evident and
important that autophagy enforces intracellular quality-
control (QC) by selective disposal of damaged proteins and
organelles for maintaining normal cellular homeostasis, and
this nutrient-independent selective autophagy occurs at basal,
constitutive levels (3,4). It is now generally accepted that selec-
tive autophagy receptors, including mammalian p62/SQSTMI1,
determine exquisite target specificity (5,6). p62 has LC3- and
ubiquitin-binding domains, allowing it to mediate selective
recognition of polyubiquitinated protein aggregates. The
mechanism of selective autophagosome formation consists of
a series of molecular events beginning with the modification of
the cargo by ubiquitination, followed by its recognition by the
polymeric autophagy receptors, including p62, contributing
toward its further modification and the recruitment of specific
autophagy-related (ATG) proteins, leading to the fusion of the
completed autophagosome with a lysosome, and degradation
of the cargo and receptor (6). Autophagy is a complex process
that requires a tight coordination among distinct molecular
systems (7,8). In addition to the core autophagy-related
proteins, the secretory and endocytic pathways, and the cyto-
skeletal network also serve important roles during autophagy,
including facilitating autophagosome transport and enabling
clearance of autophagic substrates (9).

Heterogeneous nuclear ribonucleoprotein K (hnRNPK)
is a DNA/RNA binding protein shuttling between the cell
nucleus and cytoplasm. Its functions are mainly associated
with the regulation of gene expression by controlling the RNA
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metabolism, including the synthesis, splicing, nuclear export,
translation and decay of various mRNAs (10-13). Recent studies
have also demonstrated that hnRNPK may regulate multiple
cell signaling pathways by physical or/and functional interac-
tions with various components of these pathways, including
PKC, Src, ERK and GSK-3f kinases (14-21). Notably, abnormal
expression of hnRNPK has been observed in various types of
cancer, including non-small cell lung cancer (22), colorectal
cancer (23), prostate cancer (24), squamous cell carcinoma (25)
and nasopharyngeal carcinoma (26). An increasing volume
of evidence has suggested that hnRNPK serves critical roles
in numerous cellular processes, including cell proliferation,
differentiation, apoptosis and motility (27,28). Notable, Zhang
et al (29) recently demonstrated that hnRNPK contributed
toward drug resistance in acute myeloid leukemia through
the regulation of autophagy (29). However, the mechanism by
which hnRNPK modulates autophagy remains to be elucidated.
Our previous study demonstrated that hnRNPK-knockdown
could significantly decrease the acetylation of a-tubulin on
Lys40 in RAW264.7 cells, which may influence the microtu-
bule stability and thereby regulate the formation and dynamic
patterning of podosomes (30). Recent reports have highlighted
the contribution of acetylation toward autophagy control and
revealed that acetylated microtubules are essential for the
fusion of autophagosomes with lysosomes (31,32). a-tubulin is
specifically acetylated on Lys40 (K40), which is mainly cata-
lyzed by a conserved a-tubulin acetyltransferase (a-TAT) (33).
The X-ray crystal structure of human o-TAT and the chemical
basis for a-tubulin K40 acetylation, together with the catalytic
mechanism of a-TAT elucidated through a detailed enzy-
matic analysis has indicated that a-TAT selectively acetylates
o-tubulin K40 (34,35). Hubbert et al (36) reported that HDAC6
functions as a tubulin deacetylase. This aforementioned study
indicated that overexpression of HDACG6 leads toward a global
deacetylation of a-tubulin, whereas a decrease in the expres-
sion levels of HDAC6 increased a-tubulin acetylation in
vivo. Furthermore, another previous study demonstrated that
recombinant HDACG6 protein potently deacetylates a-tubulin
in assembled microtubules in vitro. These convergent results
prompted the aim of the present study to investigate whether
hnRNPK regulates autophagy by modulation of a-tubulin acet-
ylation and to investigate the related regulatory mechanisms.
The present study used the 293 cell line as a cellular model
to study the role of hnRNPK in basal or induced autophagy. It
was revealed that hnRNPK modulated selective quality-control
autophagy but was dispensable for non-selective, starvation-
or rapamycin-induced autophagy. hnRNPK overexpression
partially reversed chloroquine (CQ)-inhibited autophagy,
but had no effect on the 3-methyladenine (3-MA)-mediated
inhibition of autophagy, suggesting its role at the late stage of
autophagy instead of the early stage. Using a stable hnRNPK
single allele knockout (KO) (hnRNPK*") 293 cell line estab-
lished using the CASPR-Cas 9 system, it was demonstrated
that hnRNPK deficiency led to an increase in HDAC6 mRNA
and protein levels, together with a decrease in a-tubulin K40
acetylation. A mCherry-GFP-LC3 reporter assay demonstrated
that autophagosome-lysosome fusion in hnRNPK*" cells was
significantly enhanced in these cells compared with the wild-
type cells, which could be effectively suppressed by treatment
with tubastatin A (Tub A), a selective inhibitor of HDAC6.
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In addition, a prominent co-localization of ubiquitin-positive
aggregates with LC3-positive autophagosomes was observed in
hnRNPK*" cells, but not in the wild-type group or hnRNPK*"-
cells treated with Tub A. Taken together, these results suggested
that hnRNPK may serve a pivotal role in the basal autophagy
by transcriptionally regulating the expression levels of HDAC6
to influence autophagosome-lysosome fusion.

Materials and methods

Cell lines and reagents. The 293 cell line (Cell Resource
Center, Institute of Life Science Chinese Academy of Sciences,
Shanghai, China) was cultured in Dulbecco's modified Eagle's
medium (DMEM; Gibco; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) supplemented with 10% fetal bovine
serum (FBS; GE Healthcare, Chicago, IL, USA) at 37°C in a
humidified atmosphere containing 5% CO,.293 cells at a conflu-
ence of 80-90% were transfected using Lipofectamine 3000
reagent (Invitrogen; Thermo Fisher Scientific, Inc.). Rapamycin,
3-methyladenine, MG132, Tubulin-Tracker Red and SDS lysis
buffer were purchased from Beyotime Institute of Biotechnology
(Haimen, China). Tubastatin A HCI was purchased from Sigma-
Aldrich; Merck KGaA (Darmstadt, Germany). Chloroquine
was purchased from Selleck Chemicals (Houston, TX, USA).
The mCherry-GFP-LC3B plasmid and pCM V-flag-hnRNPK
plasmids were constructed in our laboratory. Primary anti-
bodies against the following proteins were used: hnRNPK
(cat. no. sc-28380; Santa Cruz Biotechnology, Inc., Dallas, TX,
USA), LC-3B (cat. no. 2775S; CST Biological Reagents Co.,Ltd.,
Shanghai, China), HDACG6 (cat. no. 12834-1-AP; ProteinTech
Group, Inc., Chicago, IL, USA), p62/SQSTMI (cat. no. 66184-
1-AP; ProteinTech Group, Inc.), a-TAT1 (cat. no. ab58742;
Abcam, Cambridge, MA, USA), a-tubulin (cat. no. 11224-1-
AP; ProteinTech Group, Inc.), f-tubulin (cat. no. 10094-1-AP;
ProteinTech Group, Inc.), acetylated a-tubulin (cat. no. T7451;
Sigma-Aldrich; Merck KGaA), ubiquitin (cat. no. ab134953;
Abcam, Inc.) and GAPDH (cat. no. ZS-25778, OriGene
Technologies, Inc., Beijing, China). The antibodies were diluted
in Tris-buffered saline with Tween-20 buffer (dilution, 1:2,000;
cat. no. 9997; CST Biological Reagents Co., Ltd.) containing 5%
dry skimmed milk.

CRISPR/Cas9-mediated hnRNPK KO in 293 cells. The
CRISPR/Cas9 plasmid was purchased from Genloci
Biotechnologies, Inc. (Jiangsu, China). The sequences of
gRNA were as follows: Strand A, 5'-caccGATGATGTTTGAT
GACCGTCG-3'and strand B, 5'-aaacCGACGGTCATCAAAC
ATCATC-3". The sequences of non-targeting gRNA (negative
control) were as follows: Strand A, 5'-caccGGGTCTTC-
GAGAAGACCT-3' and strand B, 5-aaacAGGTCTTCTCGA
AGACCC-3". These gRNAs were synthesized by Shanghai
GenePharma Co., Ltd. (Shanghai, China). According to the
manufacturer's protocol, transfection was performed with
CRISPR/Cas9 expressing plasmid carrying hnRNPK gRNA
in a 6-well plate with a seeding density of 3x10° cells/well. A
mixture of 2.5 ug/well DNA and Lipofectamine 3000 was
added, followed by incubation for 48 h. A total of 2 pg/ml
puromycin was used for the selection. The established
293 hnRNPK-knockdown cell line was cultured in DMEM
with 10% FBS and 2 ug/ml puromycin. The medium was
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changed twice per week. Isolation of cell colony populations
from the selected cells was performed by serial dilutions and
cells with a single allele KO were harvested.

hnRNPK siRNA transfection. 293 cells were transfected in
suspension with 100 nM hnRNPK siRNA or non-targeting
siRNA. Briefly, 2.0x10° cells in a 200 ul suspension were
mixed with 200 1 opti-MEM plus and 5 ul Lipofectamine 2000,
and incubated at room temperature for 10 min, prior to being
seeded into a 6-well plate with 200 ul complete DMEM
supplemented with 10% FBS. For an effective hnRNPK-
knockdown, a mixture of two siRNAs with a final concentration
of 100 nM was used, including the following sequences:
hnRNPK siRNA-1 forward, 5'-UAUUAAGGCUCUCCGUA
CATT-3' and reverse, 5'-UGUACGGAGAGCCUUAAU
ATT-3'; hnRNPK-siRNA-2 forward, 5'-CCUUAUGAUCCC
AACUUUUTT-3' and reverse, 5" AAAAGUUGGGAUCAU
AAGGTT-3"; negative control siRNA (NC): forward, 5'-UUC
UCCGAACGUGUCACGUTT-3" and reverse, 5'-ACGUGAC
ACGUUCGGAGAATT-3" The treatment was performed 24 h
after transfection and the siRNAs were synthetized by
Shanghai GenePharma Co., Ltd.

Detection of protein expression by western blotting. Cells
were harvested and lysed with a lysis buffer [20 mM Tris
(pH 7.5), 150 mM NaCl, 1% Triton X-100, sodium pyro-
phosphate, -glycerophosphate, EDTA, Na,;VO,, leupeptin
and 1% protease inhibitor cocktail (Roche Applied Science,
Penzberg, Germany)]. Protein concentrations were measured
using a bicinchoninic acid protein assay (Pierce; Thermo
Fisher Scientific, Inc.). A total of 50 ug protein were separated
by 10 or 12% SDS-PAGE and transferred to polyvinylidene
difluoride membranes (EMD Millipore, Billerica, MA, USA).
Following blocking in 5% dry skimmed milk for 60 min
at room temperature, membranes were incubated with the
primary antibodies (dilution, 1:2,000) overnight at 4°C.
These antibodies were as follows: hnRNPK, LC-3B, HDACS6,
p62, a-TATI, a-tubulin, B-tubulin, acetylated a-tubulin and
GAPDH. Next, membranes were washed with TBST buffer
and incubated with horseradish peroxidase-conjugated
secondary antibodies (dilution, 1:5,000; cat. no. SAO0001-1
or SA00001-2; ProteinTech Group, Inc.) for 60 min at room
temperature. All antibodies used in the present study were
diluted in 5% dry skimmed milk in TBST buffer. An enhanced
chemiluminescence kit (Beyotime Institute of Biotechnology)
was used to detect the expression of proteins. GAPDH,
o-tubulin or f-tubulin quantification was used to correct for
variations in total protein loading. The western blotting bands
were quantified using ImageJ software (version number, 1.42;
National Institutes of Health, Bethesda, MD, USA).

Reverse transcription-quantitative polymerase chain reaction
(RT-qPCR). Total RNA was extracted from cultured cells
using TRIzol reagent (Thermo Fisher Scientific, Inc.) and
DNA was removed using the recombinant DNasel. cDNA was
prepared from 1 ug total RNA, using reverse transcriptase and
an iScript™ cDNA synthesis kit (cat. no. 1708891; Bio-Rad
Laboratories, Inc., Hercules, CA, USA) according to the manu-
facturer's protocol. All PCR reactions were performed using
SsoFast™ Eva Green Supermix (cat. no. 172-5202; Bio-Rad
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Laboratories, Inc.), with the following 39 thermal cycles: 95°C
for 15 sec; 60°C for 15 sec; and 72°C for 20 sec. The following
primers were used for PCR: HDAC6 forward, 5'-GGCTTCAG
TTTCCTGTGCTC-3' and reverse, 5'-CTTCCTCCTCGCTC
TCCTCT-3"; and GAPDH (control) forward, 5'-~AACGGATTT
GGTCGTATTG-3' and reverse, 5'-GGAAGATGGTGATGGG
ATT-3". The relative concentration of HDAC6 mRNA was
calculated using the 2224 method (37-39).

Confocal immunofluorescence. Cells cultured on glass cover-
slips were washed with PBS, fixed with 4% paraformaldehyde
in PBS for 30 min at room temperature, washed with 2 mg/ml
glycine in PBS, permeabilized with 0.2% Triton X-100 for
10 min and blocked with 10% goat serum in PBS for 60 min at
room temperature. The cells were subsequently incubated with
primary antibodies diluted at 1:100 in 2% goat serum PBS
overnight at 4°C. Following extensive washes with a washing
buffer (0.05% Tween-20, 1% BSA, PBS), cells were incubated
with fluorescent secondary antibodies (dilution, 1:200) for an
additional 60 min in the dark at room temperature and washed
again with a washing buffer. These fluorescent secondary
antibodies were as follows: Alexa Fluor 594 goat anti-rabbit
IgG (cat. no. ZF-0516; ZSGB-BIO Co., Ltd., Beijing, China),
Alexa Fluor 594 goat anti-mouse IgG (cat. no. ZF-0513;
ZSGB-BIO Co., Ltd.), Alexa Flour 488 goat anti-rabbit IgG
(cat. no. ZF-0511; ZSGB-BIO Co., Ltd.) and Alexa Fluor 488
goat anti-mouse IgG (cat. no. ZF-0512; ZSGB-BIO Co., Ltd.).
The nuclei were counterstained with 4, 6-diamidino-2-phe-
nylindole (Sigma-Aldrich; Merck KGaA) for 10 min at room
temperature and washed with PBS. The imaging experiments
were performed using laser scanning confocal microscopes
(LSM700; Zeiss GmbH, Jena, Germany) equipped with a Zeiss
Plan-Neofluar 40x NA 0.75 or 63x NA 1.25 Oil Dic objective.
The magnification was x400 or x630.

Statistical analysis. All statistical analyses were performed using
GraphPad Prism 6 software (GraphPad Software, Inc., La Jolla,
CA, USA). The significant differences between two groups were
analyzed by the two-tailed unpaired Student's t-tests (40,41).
Significant differences between multiple groups were analyzed
by two-way analysis of variance and Holm-Sidak multiple
comparisons tests. Data are expressed as the mean + standard
deviation, n=3, unless otherwise stated. P<0.05 was considered
to indicate a statistically significant difference.

Results

hnRNPK negatively regulates basal autophagy in 293 cells.
To investigate the role of hnRNPK in autophagy, hnRNPK was
either knocked down with a specific siRNA or overexpressed
by transfection with a Flag-hnRNPK plasmid in 293 cells. A
total of 48 h after transfection, autophagy flux activation was
assessed by the ratio of LC3B-II/LCB3-I using western blotting
with a specific anti-LC3B antibody. As shown in Fig. 1A and B,
hnRNPK-knockdown significantly increased the LC3B-I to
LCB3-II conversion, whereas its overexpression inhibited this
process, suggesting a negative role of hnRNPK in the basal
autophagy of 293 cells. Furthermore, it was found that LC3-I1,
the lipidated form of LC3 and an autophagosome marker,
was increased by hnRNPK-knockdown and -overexpression.
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Figure 1. hnRNPK negatively regulates basal autophagy. 293 cells were transfected with (A) sihnRNPK or (B) Flag-hnRNPK and their respective negative
controls, and analyzed by western blotting. The signal intensity from the LC3B immunoblot was quantified. The ratios of LC3-II/LC3-I and LC3-II/GAPDH
were calculated and presented as the average values of the means from three independent experiments along with the standard deviation. “P<0.05 and “P<0.01.
(C) 293 cells were transfected with pCMV-flag-hnRNPK or pCM V-flag-vector for 24 h, treated with 3-MA or CQ, and harvested for western blot analysis
using the indicated antibodies. (D) Quantification of the signal intensity from the LC3B and p62 immunoblots of 293 cells treated as described in (C). GAPDH
was used as an internal control for the normalization of the values. The ratios of LC3-1I/LC3-I and p62/GAPDH reflect the degree of the autophagic flux, and
LC3-II/GAPDH indicates autophagic membranes. The results are presented as the mean =+ standard deviation of three independent experiments.

Taken together, the aforementioned experimental results
suggested that hnRNPK may inhibit autophagy flux in the late
stage of the process at the level of lysosomal degradation. In
order to further confirm this result and determine the precise
function of hnRNPK in the autophagic flux, experiments were
performed by combining hnRNPK-overexpression with two
autophagy inhibitors, including 3-MA, which inhibits the
formation of autophagic vacuoles at the initial stage of the
autophagic process, and CQ, an inhibitor of autophagy at the
late stage, which blocks autophagosome fusion and degradation.
293 cells were transfected with pCMV-flag-hnRNPK or
pCMV-flag empty vector for 24 h and then treated with 25 uM
CQ or 1 mM 3-MA. The results indicated that hnRNPK-
overexpression could reverse the inhibitory effect of CQ on

autophagy, whereas 3-MA-inhibited autophagy remained
unaltered (Fig. 1C and D). A double band could be seen on
the western blot when cells were transfected with pCM V-flag-
hnRNPK and incubated with the hnRNPK antibody. The
protein band of lower molecular weight represented the
endogenous hnRNPK, while the upper band represented the
exogenous flag-hnRNPK, with the quantification of hnRNPK-
overexpression shown in Fig. 1B. In addition, the increased
levels of p62 further confirmed the inhibition of selective
autophagy via hnRNPK-overexpression. This result suggested
that hnRNPK may serve a role in autophagy at the stage
involving autophagosome fusion.

Subsequently, the role of hnRNPK in serum starvation-
or rapamycin- induced autophagy was investigated. Serum
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Figure 2. Neither knockdown nor overexpression of hnRNPK exert marked effects on serum starvation- or rapamycin-induced autophagy. (A) 293 cells were
transfected with either specific hnRNPK-targeting siRNA or pCMV-flag-hnRNPK plasmid, prior to being subjected to serum starvation for 6 h, and the
proteins were subsequently extracted and analyzed by western blotting. (B) The signal intensity of LC3-I and LC3-II protein bands in (A) were quantified, and
the ratio of LC3-II/LC3-I was calculated. The results are presented as the mean =+ standard deviation of three independent experiments. (C) 293 cells were
transfected with either specific hnRNPK-targeting siRNA or respective negative control, prior to being treated with rapamycin for 24 h, and the proteins were
extracted and analyzed by western blotting. (D) The signal intensity of LC3-I and LC3-II protein bands in (C) were quantified, and the ratio of LC3-1I/LC3-1
was calculated. The results are presented as the mean + standard deviation of three independent experiments. (E) 293 cells subjected to rapamycin treatment
or serum starvation were analyzed by western blotting. The conversion of LC3B-I to LC3B-II was significantly increased in cells treated with rapamycin and
serum starvation, while the endogenous expression of hnRNPK remained unchanged.

starvation and rapamycin are the two most commonly used
conditions for the induction of non-selective autophagy in
which cytosolic contents and organelles are degraded to supply
cells with essential macromolecules, and to provide the energy
required for survival. 293 cells were either transfected with
specific hnRNPK-targeting siRNA or pCMV-flag-hnRNPK
plasmid for 24 h, and then treated with 100 nM rapamycin for
24 h or subjected to serum starvation for 6 h. Cells were subse-
quently collected and subjected to western blotting for the
verification of hnRNPK-knockdown or -overexpression and
determination of the expression levels of LC3-I and LC3-II.

Notably, compared with their respective negative controls, as
indicated, neither knockdown nor overexpression of hnRNPK
in 293 cells exerted notable effects on the serum starvation- or
rapamycin-induced autophagy, as demonstrated in Fig. 2A-D.
In addition, the present study verified that while rapamycin and
serum starvation induced significant autophagy in the treated
293 cells, these treatments had no notable effect on the endog-
enous expression of hnRNPK (Fig. 2E), further excluding the
possible involvement of hnRNPK in these two non-selective
autophagy processes. Taken together, these results suggested
that hnRNPK is likely to be involved in nutrient-independent
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A hNRNPK*"-1-F

Anchor sequence. ACAATGATGTTTGATGACCG

Degenerate sequence: [TA] [CT] [GC] [CG] [GC] GA [CA] [GC] [CGICC [AC] [GA] [TG]
Allele1: ACAATGATGTITGATGACCGTCGLGGACGT

Allele2 ACMTGATGTWCMGACCGATCGCGAACCCCCAC

Alignments of Allele1, Allele2, and reference sequence:

Allele1 ACAATGATGTTTGATGACEGCGGACGCCCAGT (WT)

Allele2 ACAATGATGTTTGATGAC GCGAACGCCCAG (complicated variant)
Reference: ACAATGATGTTTGATGAC GCGGACGCCCAGTGGGATTTCCCATG

hnRNPK™-1-R
Anchor sequence: ATCCCACTGGGCGTCCGCGA
Degenerate sequence: [CT] [GC] G [TG] [CT] [AC] [TA] [CT] [AC] AA [CA] [AC] [TA][CT]
Allele1: ATCCCACTGGGCG 'CCCCGACG GTCATCAAA
Allele2: AT T 5 TCGGTC.RTCAAACAT
Alignments of Allele1, Allele2, and leferen gnuence:
Allele1:  ATCCCACTGGGCGTCCGC c@ GTCATCAAACATC (WT)

Allele2: ATCCCACTGGGCGTCCGO SGTCATCAAACAT  (Insertion)
Reference: ATCCCACTGGGCGTCCGCAA—QOGGTCATCAAACATCATTGTAAAMACCACC
B hnRNPK*-2-F

Anchor sequence: TTTACGATGAAACCTATGAT

Degenerate sequence: C’l ATGGTGGTTTTACA

Allele1: TTTACGATG, CCTATGATTATGGTGGTTTTACA

Allele2: TTTACGATGAAACCTATGATCATGGTGGTTTTACA

Alignments of Allele1, Allele2, and referepce gequence:

Allelet: TTTACGATGAAACCTATGA GGTGGTTTTACA (WT)
Allele2: TI‘I'ACG‘\TGAAACCTATG C GGTGGTTTTACA (substitution)
Reference: TTTACGATGAAACCTAT

hnRNPK"-2-R
Anchor sequence: TCCCACTGGGCGTCCGCGAC
Degenerate sequence: [GC] GTCAT [CA] [AC] A [AT] CAT lfCA [AG]
Allele1: TCCCACTGGGCGTCCCGCGACGGTCATCA,
Allele2: TCCLACTGGGCGTCCE:CGAUCGTCATACATCATTG
Alignments of Allele1, Allele2, and reference sequence:
Allele1: TCCCACTGGGCGTCCGC ‘@

A £

CATCAAACATCA (WT)
Allele2: TCCCACTGGGCGTCCGC

Reference: TCCCACTGGGCGTCCGC
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Figure 3. The hnRNPK*" cells exhibit increased levels of basal autophagy. Genomic sequences of the hnRNPK*" cells generated using the CRISPR-Cas9
system. (A) Allele-1 of the hnRNPK*-1 clone displayed a 2 base-pair insertion and (B) allele-2 of the hnRNPK*-2 clone contained a deletion of 3 base-pairs
and a 2 base-pair replacement, indicated by the red frames. (C) Western blot analysis showing the effect of the hnRNPK-knockdown in hnRNPK*" cells.
The results shown are representative of at least three independent experiments. (D) The signal intensity from the hnRNPK immunoblot was quantified. The
results are presented as the fold-changes following normalization using [3-tubulin and compared with the control group. Data are presented as the mean + stan-
dard deviation, n=3, “P<0.01. The error bar represents the standard deviation. (E) Western blotting showing the autophagy status in the hnRNPK*"-2 cells.
(F) Quantification of signal intensities from the LC3B and p62 immunoblots and the ratios of LC3-II/LC3-1, LC3-II/GAPDH and p62/GAPDH are presented
as the mean =+ standard deviation of three independent experiments. (G) The hnRNPK*"-2 and the parental 293 cells were immunostained with anti-LC3B
(green), anti-p62 antibody (red) and DAPI (blue). Arrowheads indicated LC3-positive dots or p62 punctae. Scale bars=10 ym.

basal autophagy by intervening at the later stage, but is dispens-
able in serum starvation- or rapamycin-induced autophagy.

Establishment of a stable nRNPK KO 293 cell line. In order
to further confirm the function of hnRNPK in basal autophagy

and provide a stable cell model for the associated mechanistic
studies, a hnRNPK KO 293 cell line was generated using the
prokaryotic type II CRISPR-Cas9 system (42,43). Two clones
have been isolated through selection with puromycin. The first
clone (hnRNPK*"-1) displayed a 2 base-pair insertion (Fig. 3A),
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whereas the other clone (hnRNPK*"-2) contained a deletion of
3 base pairs and a 2 base-pair replacement (Fig. 3B). The two
clones are single allele KO clones. The fact that only single
allele KO clones could be recovered may be explained by the
essential role of hnRNPK in the survival of the cell, in which
case the complete depletion of hnRNPK may have been lethal.
In support of this hypothesis, it has been recently reported
that double-allele KO of hnRNPK was lethal for the mouse
embryo (27). Due to the single allele KO in the two clones used
in the present study, a decrease in the hnRNPK expression
levels rather than complete depletion was expected. This was
verified by the western blotting shown in Fig. 3C and D, where
an improved knockdown efficiency of hnRNPK*-2 has been
observed compared with the hnRNPK*"-1 clone. Sequencing
analysis revealed that, in allele 2 of the hnRNPK*"-2 cells,
2 amino acid changes occurred at Y236 and D245 positions,
along with the deletion of the F243 amino acid residue. Y236
is a binding site between hnRNPK and tyrosine kinases,
including Src, Lyn, Fyn and Lck, mostly involved in gene
expression and signal transduction (17). F243 and D245 were
located in the K-protein-interactive region (KI) responsible
for a number of the known K protein interactions (11,24).
These mutations did not result in a frameshift; however, they
may lead to the conformational alteration and instability of
the hnRNPK protein. hnRNPK*"-2 was therefore selected
for the subsequent experiments. The autophagy status in the
hnRNPK*--2 cells was firstly examined by western blotting.
As shown in Fig. 3E and F, significant augmentation of the
LC3-II /LC3-I ratio and LC3-II protein level, along with a
decrease in the p62 level could be detected in the hnRNPK*"-2
cells, compared with the wild-type cells. Furthermore, more
prominent LC3-positive dots and p62 punctae were observed
in hnRNPK*--2 cells by immunofluorescence (Fig. 3G). These
results further confirmed the important role of hnRNPK in the
basal autophagy of 293 cells.

hnRNPK inhibits the expression of HDAC6 to maintain
a-tubulin K40 acetylation in basal autophagy. The present
study subsequently aimed to investigate the mechanism of
action of hnRNPK in autophagy under normal nutrient condi-
tions. Our previous study had demonstrated that hnRNPK
regulated the a-tubulin K40 acetylation in multi-nucleated
mature osteoclasts (30). As expected, it was revealed that the
o-tubulin K40 acetylation level was significantly decreased
in the hnRNPK*-2 cells compared with the wild-type
293 cells, while the total a-tubulin protein level remained
unchanged (Fig. 4A and B). a-tubulin K40 acetylation is
mainly regulated by two enzymes with opposite functions, the
acetyltransferase a-TAT and the deacetylase HDACG6 (44 ,45).
Based on the function of hnRNPK in the regulation of gene
expression, the present study further examined if hnRNPK
may influence a-tubulin K40 acetylation through regulating
the expression of these two enzymes. Western blot assays were
performed with protein extracts from the wild-type 293 and
hnRNPK*"-2 cells using specific anti-a-TAT or anti-HDAC6
antibodies. It was revealed that, while hnRNPK deficiency had
no effect on the a-TAT protein expression level, the HDAC6
protein level was notably increased in the hnRNPK*"-2 cells,
compared with the wild-type 293 cells in basal autophagy.
This result was subsequently confirmed by RT-qPCR, which
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indicated a 2.5-fold increase in the HDAC6 mRNA level in
the hnRNPK*-2 cells compared with the wild-type 293 cells,
suggesting that hnRNPK regulated the activity of HDAC6
by modulating its mRNA synthesis or metabolism, thereby
controlling the acetylation of a-tubulin K40 (Fig. 4C). In order
to determine whether autophagy regulation by the hnRNPK-
HDACS6 axis is an event specific to basal autophagy, the
wild-type 293 cells and hnRNPK*-2 cells were treated with
rapamycin or subjected to serum starvation, and subsequently
collected and subjected to qPCR and western blot analyses for
the assessment of the HDAC6 expression levels. As shown in
Fig. 4D-I, neither mRNA nor protein levels of HDAC6 in the
wild-type or hnRNPK*-2 293 cells exhibited marked changes
in the serum starvation- or rapamycin-induced autophagy. In
accordance with these results, the hnRNPK single allele KO
had no significant effect on the a-tubulin K40 acetylation and
o-TAT expression level in the serum starvation- or rapamycin-
induced autophagy. All these results further supported
the hypothesis that the hnRNPK-HDAC6 axis contributes
toward basal autophagy but not toward serum-starvation or
rapamycin-induced autophagy.

Immunofluorescence detection was used to confirm the
decrease in a-tubulin acetylation in cells. Furthermore, it was
demonstrated that this alteration stemmed from the hyperac-
tivity of HDACS6 since the treatment of cells with Tub A, a
selective inhibitor of HDACS6, could re-stimulate the a-tubulin
K40 acetylation level (Fig. 5A). As expected, variations in the
o-tubulin acetylation of the parental 293 cells, hnRNPK*-2
cells and Tub A treated hnRNPK*--2 cells was associated
with the degree of autophagy of the cells, as indicated by the
LC3-II/LC3-I ratio, and the expression levels of LC3-II and
p62 determined by western blotting (Fig. 5B and C).

hnRNPK-HDACG6 axis regulates autophagosome-lysosome
fusion associated with QC autophagy. Autophagosomes must
fuse with lysosomes to degrade the aggregates, and HDAC6
is required for an efficient fusion of autophagosomes and
lysosomes in mouse embryonic fibroblasts (MEFs) (3). In
order to determine whether hnRNPK may serve a role in such
a process, the mCherry-GFP-LC3 reporter assay was used
to evaluate the autophagosome-lysosome fusion efficiency
in the wild-type 293 cells and hnRNPK*--2 cells treated or
untreated with Tub A. As shown in Fig. 6A, the number of
yellow fluorescence-labelled vesicles was decreased, while
an increased number of red fluorescence-labeled vesicles
appeared in the hnRNPK*-2 293 cells compared with the
wild-type control cells. This result indicated an increased
efficiency of lysosome-autophagosome fusion (Fig. 6A,
upper and middle panels). Accordingly, autophagosome-
lysosome fusion was effectively suppressed when the
hnRNPK*"-2 cells were treated with Tub A, as indicated by
the increased appearance of yellow fluorescence-labelled
vesicles compared with cells untreated with Tub A (Fig. 6A,
middle and lower panels). Accumulation of red vesicles in the
hnRNPK*--2 cells strongly indicated that HDACS is required
for efficient autophagosome-lysosome fusion under normal
nutrient conditions (Fig. 6B), which was in agreement with a
previous study (3). These results demonstrated that the effect
of hnRNPK on autophagosome-lysosome fusion is HDAC6-
dependent.
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Figure 4. hnRNPK inhibits HDAC6 expression to maintain a-tubulin K40 acetylation in basal autophagy. (A) Western blot analyses were performed with
proteins extracted from the wild-type 293 and hnRNPK*"-2 cells under normal nutrient conditions using the indicated antibodies. (B) The signal intensity
from the immunoblot as described in (A) was quantified and a-tubulin was used for the normalization of the expression value. Data are presented as the
mean =+ standard deviation, n=3. "P<0.05, “P<0.01; ns, no significance. The error bars represent the standard deviation. (C) Total mRNA was extracted from
the wild-type or hnRNPK*-2 cells, and HDAC6 mRNA levels were quantified by reverse transcription-quantitative polymerase chain reaction. The results
are presented as the fold-changes following normalization using GAPDH and compared with the control group. Data are presented as the mean + standard
deviation, n=3, "P<0.05. The error bars represent the standard deviation. 293 cells and hnRNPK*-2 cells were (D) subjected to serum starvation for 6 h or
(G) treated with rapamycin for 24 h, and protein expression levels were analyzed by western blotting using the indicated antibodies. The signal intensities
from the immunoblots as described in (D) and (G) were quantified, and a-tubulin was used for the normalization of the value. The results are presented as the
mean + standard deviation of three independent experiments (E and H). (H) Total mRNA was extracted from the wild-type or hnRNPK*-2 cells described
in (D and G), and HDAC6 mRNA levels were quantified by reverse transcription-quantitative polymerase chain reaction. The results are presented as the
fold-changes following normalization using GAPDH and compared with the control group (F and I). Data are presented as the mean + standard deviation, n=3,
“P<0.05. The error bars represent the standard deviation.

It has been hypothesized that QC autophagy removes toxic by targeted ubiquitination for degradation (46-48). To further
protein aggregates and that cargo selection is partly achieved = demonstrate the functional role of hnRNPK in protein
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(B) Western blotting showing the degree of autophagy of the cells used in (A), represented by the protein levels of LC3-II and p62, and the LC3-II/LC3-I
ratio. (C) Signal intensities from the immunoblot described in (A) were quantified. The results are presented as the fold-changes following normalization using
a-tubulin and compared with the control group. Data are presented as the mean + standard deviation. ““P<0.001, “P<0.01, "P<0.05; ns, no significance. The

error bars represent the standard deviation.

aggregate clearance of QC autophagy,an immunofluorescence
assay was used to label the LC3-positive autophagosomes
and the ubiquitinated positive protein aggregates in the
3 aforementioned types of cells under the treatment of MG132
to block the proteasome degradation. As shown in Fig. 6C,
compared with the control cells, prominent LC3-positive
autophagic vesicles (green dots) were abundantly present
and found co-localized with the ubiquitin-positive protein
aggregates (red dots) in the hnRNPK*"-2 293 cells, indicating
a highly efficient selective autophagy-dependent protein

aggregate degradation (Fig. 6C, middle panels). When the
same cells were treated with Tub A, a comparable intensity of
the LC3-positive autophagosome staining could be observed;
however, this staining was not co-localized with the
ubiquitin-positive aggregates, likely due to the deficiency in
docking and tethering ubiquitinated protein aggregates into
autophagosomes. Taken together, the results of the present
study suggested that hnRNPK could regulate the aggregate
clearance in the QC autophagy through a HDAC6-dependent
mechanism.
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Figure 6. hnRNPK regulates autophagosome-lysosome fusion associated with QC autophagy. (A) Wild-type 293, hnRNPK*"-2 and hnRNPK*"-2 cells treated
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two independent experiments (=8 cells each) and presented as the percentage of total mCherry-GFP-LC3 dots (red plus yellow) along with the standard devia-
tion. (C) The cells described in (A) were treated with MG132 and immunostained with antibodies against anti-LC3 (green) and ubiquitin (red). White arrows
indicate colocalization of ubiquitin-positive aggregates with LC3-positiveautophagosomes. Scale bars=20 ym.

Discussion

Autophagy not only prevents the accumulation of damaged or
unnecessary components, but also facilitates the recycling of
these components to sustain homoeostasis. The concepts of
‘induced autophagy’ and ‘basal autophagy’ have been intro-
duced in several previous studies. While the former produces
amino acids in response to extracellular or intracellular stress
and signals, including starvation, growth factor deprivation
and pathogen infection, the latter of which, also referred to as
QC autophagy, is important for baseline turnover of cytosolic
components (9,49).

The process of autophagy consists of several sequential
steps, including induction, autophagosome formation, degra-
dation and amino acid/peptide generation. The microtubule
(MT) cytoskeleton has been reported to be important for all
these steps (31,50-53). The MT cytoskeleton consists of highly
dynamic tubular polymers assembled from protofilaments of
o/p-tubulin dimers, and is essential for intracellular transport
of organelles and macromolecules (33). Previous studies also
reported that an intact microtubule cytoskeleton was required
for autophagy and that microtubule disruption interfered with
autophagy by impairing autolysosome formation (46,54).
Kochl et al (31) demonstrated that, in primary rat hepatocytes,
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fusion of autophagosomes with endosomes is inhibited by
nocodazole and vinblastine, which prevent the polymerization
of microtubules. In particular, protein aggregates are formed in
the cytoplasm and accumulate at the microtubule organizing
center (MTOC) where they are subsequently engulfed into
autophagosomes to subsequently fuse with lysosomes for
protein degradation (46,55). K40 acetylated a-tubulin is most
abundant in stable microtubules, but is absent from dynamic
cellular structures; including neuronal growth cones and
the leading edges of fibroblasts (36). a-tubulin acetylation is
mainly regulated by acetyltransferase (a-TAT) and histone
deacetylases (HDACsS). Previous studies have demonstrated
that acetylated microtubules and HDACG6 are required for
autophagy (33-36). Consistently, the deacetylase HDAC6 has
not only been associated with microtubule-dependent transport
of protein aggregates and lysosomes to the MTOC (46), but also
with the recruitment and assembly of the cortactin-dependent
F-actin cytoskeleton to stimulate the fusion of autophagosomes
and lysosomes, suggesting an important role of a-tubulin
acetylation in these processes. The aforementioned results,
together with those from the present study demonstrating that
hnRNPK could regulate the dynamic stability of microtubules
through upregulating the acetylation of K40 a-tubulin in the
maturing osteoclasts, support a hypothesis that hnRNPK may
serve a critical role in the microtubule-dependent process
of autophagy. The results of the present study have not only
unraveled the regulatory function of hnRNPK in selective QC
autophagy, but also elucidated the associated mechanism by
which this protein modulates the expression level of HDAC6
and consequently influences the microtubule dynamics through
the regulation of K40 a-tubulin acetylation. HDACG6, which
deacetylates a-tubulin in vivo and in vitro, was often considered
akey regulator of the stability of the dynamic microtubules (56).
An increasing number of studies have confirmed the regulatory
role of HDAC6 in QC autophagy, but not in starvation-induced
autophagy, through recognizing poly-ubiquitinated proteins
and controlling the fusion process of autophagosomes and lyso-
somes (3,47,57,58). HDACG6 is a multidomain protein including
a BUZ-finger domain, which binds to polyubiquitin chains, and
two deacetylase domains interrupted by a motif that binds to
cytoplasmic dynein (36), which enable efficient recruitment
and delivery of aggregates to autophagosomes via the micro-
tubule cytoskeleton (46,48). It has been shown to be involved
in aggresome formation and the fusion of autophagosomes
with lysosomes (31). Lee et al (3) demonstrated that HDAC6
is a central component of basal autophagy that targets protein
aggregates and damaged mitochondria, and controls autopha-
gosome maturation, which is essential for ubiquitin-selective
QC autophagy (3). In the present study, the effect of hnRNPK-
knockdown on QC autophagy could be partially reverted by
Tub A, an inhibitor of HDACG6 deacetylation activity. This
highlights the role of HDAC6 in the acetylation of a-tubulin
in addition to its binding to polyubiquitin chains, further
confirming the dual action of HDAC6 in the degradation of the
ubiquitinated protein aggregates during QC autophagy.
hnRNPK, shuttling between the nucleus and cytoplasm,
serves as a docking platform that integrates signal transduc-
tion pathways and regulates the expression of specific genes
in the cell through the regulation of RNA metabolism and
expression. It has been demonstrated to control the expression
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of tumor suppressor p53, which may have positive and nega-
tive regulatory roles in autophagy induction (59-62). However,
the present study demonstrated that hnRNPK negatively
regulated autophagy under normal nutrient conditions, and
seemed to be dispensable for non-selective starvation- and
rapamycin-induced autophagy, implying that the regulation
of p53 activity during the autophagy processes is associated
with a complex regulatory mechanism in which other factors
may also participate. Despite its long-term argumentation
toward the origin, phenotype, karyotype and tumorigenicity,
the 293 cell line is one of the most commonly used cell models
in cell biology studies due to its reliable growth and propensity
for transfection. Therefore, the 293 cell line was used in the
present study as a general cell model, without any particular
purpose associated with the origin of the cell, for the study of
cell autophagy that serves important physiological roles in a
variety of cells (63-65).

To the best of our knowledge, our previous study was the
first to describe and discuss the regulation of the a-tubulin
K40 acetylation by hnRNPK and its functional impact in
multi-nucleated mature osteoclasts (30). The present study
attempted to confirm a similar function of hnRNPK in the
context of autophagy regulation in 293 cells, and to further
investigate the underlying mechanism through the regulation
of HDAC6 expression. The results of the present study demon-
strated that hnRNPK negatively regulates the expression
levels of HDACS6, but the precise underlying mechanism of
this remains to be elucidated. Belonging to the hnRNP family,
hnRNPK has been most extensively studied as a DNA/RNA
binding protein regulating mRNA metabolisms, including the
synthesis, maturation, trafficking, stability and translational
modulation (10-13). The present study analyzed the mRNA
expression levels of HDAC6 in the hnRNPK*" and wild-
type 293 cells and demonstrated that the mRNA and protein
expression of HDAC6 was increased in the hnRNPK*-2 cells
compared with the wild-type cells, suggesting that hnRNPK
may regulate the synthesis or stability of HDAC6 mRNA rather
than the translation. Further studies would aid in elucidating
the precise mechanism of hnRNPK-mediated regulation of
HDACG6 expression.

Taken together, the results of the present study indicated
that hnRNPK serves a key role in the ubiquitin-selective QC
autophagy by regulating the expression of HDAC6, which is
required for successful autophagic clearance of protein aggre-
gates and efficient fusion of autophagosomes with lysosomes,
which contributes toward the elucidation of the components of
the autophagic machinery.
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