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The CAG expansion of huntingtin (mHTT) associated with Hunting-
ton disease (HD) is a ubiquitously expressed gene, yet it promi-
nently damages the striatum and cortex, followed by widespread
peripheral defects as the disease progresses. However, the under-
lying mechanisms of neuronal vulnerability are unclear. Previous
studies have shown that SUMO1 (small ubiquitin-like modifier-1)
modification of mHtt promotes cellular toxicity, but the in vivo
role and functions of SUMO1 in HD pathogenesis are unclear.
Here, we report that SUMO1 deletion in Q175DN HD-het knockin
mice (HD mice) prevented age-dependent HD-like motor and neu-
rological impairments and suppressed the striatal atrophy and
inflammatory response. SUMO1 deletion caused a drastic reduc-
tion in soluble mHtt levels and nuclear and extracellular mHtt
inclusions while increasing cytoplasmic mHtt inclusions in the stria-
tum of HD mice. SUMO1 deletion promoted autophagic activity,
characterized by augmented interactions between mHtt inclusions
and a lysosomal marker (LAMP1), increased LC3B- and LAMP1
interaction, and decreased interaction of sequestosome-1 (p62)
and LAMP1 in DARPP-32–positive medium spiny neurons in HD
mice. Depletion of SUMO1 in an HD cell model also diminished the
mHtt levels and enhanced autophagy flux. In addition, the
SUMOylation inhibitor ginkgolic acid strongly enhanced autoph-
agy and diminished mHTT levels in human HD fibroblasts. These
results indicate that SUMO is a critical therapeutic target in HD and
that blocking SUMO may ameliorate HD pathogenesis by regulat-
ing autophagy activities.

striatal vulnerability j posttranslational modification j gene expression j
motor abnormality j neurodegeneration

Expansion mutation of the CAG repeat in the huntingtin
(HTT) gene causes the motor disturbance, cognitive loss,

and psychiatric manifestations associated with Huntington dis-
ease (HD). HD results in the degeneration of the striatum with
subsequent loss of corticostriatal white-matter connections (1).
The mutant HTT (mHTT) affects multiple signaling and path-
ways; however, the underlying pathogenic mechanism that
causes the HD is unknown (2). The mHTT protein is con-
trolled in a cell/tissue/region-specific manner (3–5), but it is
unclear how it may contribute to HD neuronal vulnerability.

Multiple lines of evidence point to an aberration in autophagy—
an essential degradative pathway that maintains neuronal home-
ostasis—as the major feature of neurodegeneration (6). Studies
have implicated aberrant autophagy in HD, as well as a failure
of autophagic processes such as cargo loading, in the accumula-
tion of mHTTand the progression of the disease (7–9). Normal
HTT serves as an autophagy scaffold and interacts with the Atg8
homologs ULK1 and p62 during autophagy, but the molecular
mechanism and the precise role of mHTT in autophagy dysregu-
lation remain elusive (10–12). Accordingly, molecular and phar-
macological agents that can promote autophagy are being
actively tested in preclinical models (13–18). Nevertheless, the
actual alterations in autophagy homeostasis and the treatments

that can lead to its restoration are unknown (12). This gap in
knowledge remains a major hurdle in identifying targets for
successful treatment of HD.

One potential target is the small ubiquitin-like modifier
(SUMO), which consists of three ubiquitously expressed paral-
ogs in vertebrates: SUMO1, SUMO2, and SUMO3. It is a con-
served ∼10.5-kDa protein modifier that attaches covalently to
lysine residues on multiple substrate proteins in a dynamic and
reversible manner in a process known as SUMOylation. Protein
modification by SUMO is implicated in a diverse array of neu-
rological disorders and is known to regulate a wide range of
cellular processes, including gene expression, nuclear transport,
signal transduction, and apoptosis, but its mechanistic connec-
tion to neurodegenerative disease is less clear.

We have reported that a striatal enriched protein, Rhes, is
SUMO modified on multiple lysine residues and serves as a
physiological regulator of SUMOylation and gene transcription
(19, 20). The mHTT is modified by SUMO1, and Rhes further
enhances SUMO1 modification (21–23). SUMO1 modification
of mHTT increases the solubility of mHTT, promotes cellular
toxicity (23), and enhances Rhes-mediated transport of vesicle-
bound mHTT via tunneling-like nanotubes (24). Accordingly,
Rhes deletion ameliorates, and Rhes overexpression worsens,
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the HD phenotype in HD cell models (primary neurons, mouse
cells, and human embryonic stem cell-derived medium spiny
neurons [MSNs]) and HD mouse models (25, 26). Recently,
Rhes has been linked to tau-mediated pathology involving
SUMOylation, and Rhes alterations are now identified as a
novel hallmark of tauopathies (27, 28). Thus, Rhes–SUMO sig-
naling pathways participate in neurodegenerative disease pro-
cesses by modulating disease-relevant proteins.

However, no mechanisms or systematic evaluations have
been identified to explain how SUMO might determine the
course of neuronal decline and eventual striatal atrophy in
slowly progressing knockin HD mouse models. Here, we
deleted SUMO1 in the Q175DN HD-het (Q175DN) knockin
mouse model of HD (29), which contains the human HTTexon
1 with expanded CAG repeats, and we characterized the result-
ing Q175DN-SUMO1KO mouse line longitudinally to deter-
mine the role of SUMO1 in terms of the nature, extent, and
age of onset of behavioral deficits. We also performed anatomi-
cal, molecular, and biochemical signaling in the striatal tissues.
Finally, we evaluated the effect of SUMO1 deletion or pharma-
cological SUMO inhibition on biochemical signaling by using
HD mouse and human cell-culture models.

Results
SUMO1 Deletion Diminishes HD-Associated Behavioral Deficits in
Q175DN Mice. To determine the role of SUMO1 in HD patho-
genesis using HD knockin mice (neomycin-deleted Q175DN
HD-het [Q175DN]) mice (29), we generated HD-het mice lack-
ing a SUMO1 gene (Q175DN-SUMO1KO). We longitudinally
subjected the wild-type (WT, n = 37/mixed sex ratio), Q175DN
(n = 28/mixed sex ratio), Q175DN-SUMO1KO (n = 30/mixed
sex ratio), and SUMO1KO (n = 27/mixed sex ratio) mice to
repeated behavioral tests beginning at ∼2 mo of age at 2-mo
intervals until the mice reached ∼12 mo of age (see scheme
in Fig. 1A). Motor coordination and balance of mice were
measured using an accelerating-rotarod and beam-walking
tests. First, in the accelerating-rotarod test, Q175DN-het mice
showed a significant progressive decrease in latency to fall (fell
faster from the rotarod) beginning at 4 mo of age compared
with the WT mice, consistent with previous reports (29, 30). In
contrast, upon SUMO1 deletion in HD mice (Q175DN-
SUMO1KO), the rotarod deficits were observed beginning at
10 mo of age compared with the WT mice (Fig. 1B). This result
indicated that SUMO1 deletion in Q175DN-het mice delays
the rotarod deficit by 6 mo, which is highly significant. Simi-
larly, we found a progressive increase in beam-walk deficits (time
to cross the beam) beginning at 4 mo of age in Q175DN mice
compared with WT mice, and SUMO1 deletion in HD mice
delayed these deficits by 6 mo (Fig. 1C). To measure general loco-
motor activity, mice were subjected to an open field test. A signifi-
cant decrease in the total activity was observed in Q175DN mice
beginning at 6 mo of age compared with WT mice that progres-
sively decreased with age. However, in SUMO1-deleted HD
mice, the open field deficits were observed only around 10 mo of
age (Fig. 1D). We found that anxiety-like behaviors (the duration/
frequency in the center/sides and corner) were highly variable in
WT mice with age (SI Appendix, Fig. S1). Q175DN mice showed
a subtle but significant decline in these behaviors with age (SI
Appendix, Fig. S1). Q175DN-SUMO1KO showed some protec-
tion at 10 mo on selected behaviors (SI Appendix, Fig. S1).
SUMO1KO also showed a transient deficit in the anxiety-like
symptoms at 8 mo compared with WT (SI Appendix, Fig. S1).
Altogether, these longitudinal behavioral analyses indicate that
SUMO1 deletion diminished HD-like motor and some age-
linked anxiety-like deficits in Q175DN mice.

A slight (∼20%) decrease in body weight was noted at about
10 mo of age in the Q175DN mice when compared with WT,

consistent with previous reports (29, 31), but it was not signifi-
cantly different in Q175DN-SUMO1KO mice (Fig. 1E). This
indicates that SUMO1 does not modulate nonmotor metabolic
dysfunction, such as body weight, in HD.

We also employed a battery of behavioral tests to quantify
the neurological dysfunction. These tests include walking on a
ledge, clasping, gait, kyphosis (spine curvature), and tremor,
which can be averaged as a “composite” score (32). Behavioral
battery tests revealed that Q175DN mice performed worst on
ledge, clasping, gait, kyphosis, and tremor testing, but the per-
formance on these tasks was significantly better in Q175DN-
SUMO1KO mice in both individual tests and composite scores
(Fig. 1 F and G). We found around 60% protection in the
behavioral battery test (composite score) in SUMO1-deleted
HD mice compared with HD mice (Fig. 1G). Thus, SUMO1
deletion attenuated the extent and severity of motor and neuro-
logical abnormalities associated with HD.

We also determined whether SUMO1 had any effect on the
sex differences in rotarod deficits. Compared with females,
male Q175DN mice showed a consistent decline in age-
dependent rotarod deficits (SI Appendix, Fig. S2A). SUMO1
deletion led to age-dependent protection on rotarod deficits in
male Q175DN-SUMO1KO mice at all the age points, while
in female groups, significant protection was observed only at
6 and 8 mo (SI Appendix, Fig. S2A). Both female and male
Q175DN mice showed similar deficits on behavioral battery
tests, which are diminished in both male and female Q175DN-
SUMO1KO groups (SI Appendix, Fig. S2B). Thus, SUMO1-KO
had no considerable sex differences in preventing the HD-like
deficiencies in the Q175DN model.

SUMO1 Deletion Abolishes Striatal Atrophy in HD Mice. We next
analyzed whether the behavioral protection induced by
SUMO1 deletion is accompanied by changes in anatomical def-
icits. We determined brain atrophy by estimating the lateral
ventricles’ area enlargement and volume measurement of the
striatum and corpus callosum using stereology by the Cavalieri
method. For this analysis, we used five mice/group (male = 3,
female = 2), four different areas, and up to four brain sections
with a description of the distance between the sections in Mate-
rials and Methods (SI Appendix). We observed lateral ventricle
enlargement in the Q175DN mice in the frontal, central, and
caudal striatum regions (Fig. 2 A and B). These anatomical
data results are consistent with those previously published stud-
ies in Q175DN mice (29, 33). Interestingly, SUMO1 deletion in
HD mice (Q175DN-SUMO1KO) dramatically diminished the
lateral ventricle enlargement in all three striatal regions (Fig. 2
A and B). Striatal volume as well as corpus callosum volume
were also diminished in Q175DN (Fig. 2 C and D). The lateral
ventricle size, striatal volume, and corpus callosum volume in
Q175DN-SUMO1KO were comparable to those of the WTand
SUMO1KO control groups (Fig. 2 A–D). Thus, SUMO1 dele-
tion almost completely prevented the striatal atrophy observed
in the knockin HD mice.

Effect of SUMO1 Deletion on the Striatal Gene Expression Landscape
in HD Mice. Transcriptional dysregulation is a major event in HD
pathogenesis, and SUMO is involved in the transcriptional
repression as well as activation functions. We therefore exam-
ined whether SUMO1 impacts motor deficits and striatal atro-
phy in HD (Figs. 1 and 2) by a dysregulation of gene expression.
We performed a genome-wide striatal tissue–specific gene
expression pattern analysis by comparing RNA sequencing
(RNA seq) in the striatum of 13-mo-old WT, Q175DN,
Q175DN-SUMO1KO, and SUMO1KO mice (one male and
one female mice striata were pooled/experiment, n = 3 experi-
ment/genotype, total = 6 mice/genotype, total = 24 mice). Gene
counts revealed 1,042 genes that were significantly up-regulated
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and down-regulated (p-value adjusted, padj < 0.05) in the
Q175DN HD-het mice compared with the WT striatum
(Dataset S1). Ingenuity pathway network analysis (IPA)
revealed significant alterations in canonical pathways, such as
cAMP-response element binding protein (CREB), opioid sig-
naling, endocannabinoid signaling, G protein–coupled receptors
(GPCR), and glutamate receptor signaling, as well as fragile X
mental retardation 1 (FMR1) signaling, between the WT and
Q175DN striatum (SI Appendix, S3 A and B and Dataset S1).
Some of these altered pathways in Q175DN have been previ-
ously reported (34). However, we found very few differentially
expressed genes between Q175DN-SUMO1KO and Q175DN
mice striatum (padj < 0.05). Of the 18 genes differentially
expressed, 13 were up-regulated and 5 were down-regulated (SI
Appendix, Fig. S3C). Loss of SUMO1 in HD mice leads to
up-regulation of selected genes such as aldehyde oxidase 4, an
enzyme that oxidizes aldehyde implicated in circadian rhythm and
locomotor activities was up-regulated (35). Also, SUMO1 dele-
tion in HD mice leads to the down-regulation of genes, such
as SP110 nuclear body proteins, that act as transcriptional coacti-
vators (36) in the HD striatum (SI Appendix, Fig. S3C). Multiple
genes with unknown functions are also altered by SUMO1 dele-
tion. Due to the small number of gene alterations, IPA analysis

did not identify a comprehensive network of biological pro-
cesses or pathways, as the number of connectible entities with
sufficiently high z-scores was insufficient. However, IPA did hint
that the modulated genes belonged to hypoxia, circadian
rhythm, DNA methylation, and inflammatory processes (SI
Appendix, Fig. S3D) in Q175DN-SUMO1KO compared with
Q175DN mice striatum. We found significant alterations of 255
genes between WT and SUMO1KO mice (padj < 0.05) and of
2308 genes between SUMO1KO and Q175DN mice (padj <
0.05); most of the altered genes involved opioid signaling,
CREB signaling, and GPCR signaling, among others (Dataset
S1 and SI Appendix, Fig. S3 E and F). These results indicate
that SUMO1 has only a nominal impact on the overall gene
expression changes occurring in the HD striatum, suggesting
that SUMO1 may promote HD-related motor deficits and striatal
atrophy via posttranscriptional and/or posttranslational mechanisms.

SUMO1 Deletion Prevents the Inflammatory Responses of HD. Since
the IPA analysis suggested that the linked altered genes were
functionally enriched in inflammatory responses in Q175DN-
SUMO1KO compared with Q175DN mice striatum (SI
Appendix, Fig. S3D), we carried out glial fibrillary acidic protein
(GFAP) immunoreactivity assays to assess the inflammatory

Fig. 1. Effect of SUMO1 deletion on age-
associated motor abnormalities in the
Q175DN knockin HD mice model. (A)
Shows the genotypes, time line, and exper-
imental design for the animal study. (B–G)
Behavioral and body-weight analysis at 2
to 12 mo of age; rotarod (B), beam walk
(C), open field (D), body weight (E) and
behavioral battery (F), and behavioral bat-
tery composite score (G). Behavioral bat-
teries included the ledge test, clasping,
gait, kyphosis, and tremor evaluation. The
frequency of each behavior according to
the genotype is shown in F; a composite
score for all the behavioral battery is
shown in G. Data are mean ± SEM (WT
[male = 22, female = 15], Q175DN [male =
19, female = 9], Q175DN-SUMO1KO [male =
13, female= 17], and SUMO1KO [male = 15,
female = 12]). *P < 0.05, **P < 0.01, ***P <
0.001, and ****P < 0.0001 by two-way
ANOVA mixed-effects model followed by
Tukey’s multiple comparison test (for B–E).
In B–E, a green asterisk is between
Q175DN-SUMO1KO versus Q175DN. A red
asterisk is between Q175DN versus WT.
****P < 0.0001 between Q175DN and WT;
####P < 0.0001 between Q175DN-
SUMO1KO and Q175DN by Fisher’s exact
test (for F), and ****P < 0.0001 between
Q175DN and WT; ####P < 0.0001 between
Q175DN-SUMO1KO and Q175DN by one-
way ANOVA followed by Tukey’s multiple
comparison test (for G).
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changes within the frontal, central, and caudal regions of striatal
sections from the WT, Q175DN, Q175DN-SUMO1KO, and
SUMO1KO mice (Fig. 3A). GFAP expression was strikingly
enhanced in all regions, with a slightly increased signal in the cen-
tral striatum in Q175DN mice compared with WT mice (Fig. 3 A
and B). The Q175DN-SUMO1KO mice showed a marked
decrease in GFAP immunoreactivity in all three striatal regions
compared with the Q175DN mice (Fig. 3 A, c and e and B).
GFAP immunoreactivity was unaltered between the WT and
SUMO1KO striatum (Fig. 3 A and B). Higher GFAP expression is
also seen in the cortical region of Q175DN mice (Fig. 3 A, d),
which is also diminished in the Q175DN-SUMO1KO (Fig. 3 A, f).

Western blot analysis of the striatal tissue further confirmed
that GFAP protein expression, but not messenger RNA (mRNA)
expression, was significantly reduced in the Q175DN-SUMO1KO
mice compared with the Q175DN mice (SI Appendix, Fig. S4
A–C). The protein levels of DARPP-32, a commonly used bio-
chemical MSN marker for striatal damage in HD, was diminished
in Q175DN mice compared with WT mice (SI Appendix, Fig. S4
A and B). This reduction is likely due to diminished DARPP-32
mRNA in Q175DN mice (SI Appendix, Fig. S4C). The Q175DN-
SUMO1KO mice showed a similar extent of loss of DARRP-32
protein and mRNA, indicating SUMO1 may not interfere with

the transcriptional down-regulation of DARPP-32 in the HD stri-
atum (SI Appendix, Fig. S4C). Interestingly, not all striatal genes
are down-regulated in the striatum of Q175DN compared with
WT. While Darpp-32, Drd1a, Drd2, and pde10a are down-
regulated, Adora 1, Foxp1, Rasgrp2 or St8sia3, and Gng7 remain
unaffected (Dataset S1). Thus, mHtt may alter only the subset of
mRNA expressions in the striatum without affecting the striatal
cell numbers in the Q175DN mice independent of SUMO1.
Interestingly, we also found activation of inflammatory marker
microglia as evidenced by Iba1 up-regulation in Q175DN stria-
tum. SUMO1 deletion completely prevented Iba1 protein and
mRNA up-regulation in Q175DN-SUMO1KO (SI Appendix, Fig.
S4 D and E). Together, these results indicate that SUMO1 dele-
tion prevents the striatal atrophy that is accompanied by a strong
reduction in the inflammatory responses in the striatum. There-
fore, SUMO1 deletion may prevent the striatal atrophy by altera-
tions in the corpus callosum, shrinkage of neuronal arborization,
and corticostriatal network dysfunction as well as diminished
inflammatory responses.

SUMO1 Deletion Enhances EM48+ Aggregates and Decreases Soluble
Forms of HTT. As SUMO plays a major role in regulating protein
aggregation, including aggregation of mHTT (22, 23), we first

Fig. 2. Effect of SUMO1 deletion on striatal anatomical changes in Q175DN mice. (A) Representative H&E-stained sections for rostral (+1.45 from
bregma), central striatum 1 (+1.0 from bregma), central striatum 2 (+0.60 from bregma), and caudal (+0.1 from bregma) lateral ventricles (LV, arrow) at the
striatum level from the indicated genotypes. (B) Quantification of the lateral ventricular area from A. (C and D) Histological sections and quantification
to illustrate the corpus callosum, striatum, and ventricular changes in all the genotypes: corpus callosum (purple) and striatum (pink). For B and D, data
are mean ± SEM (n = 5 mice per group [male = 3, female = 2]). Three to four sections were analyzed and averaged for each striatal region per mouse.
***P < 0.001, ****P < 0.0001, ####P < 0.0001, two-way ANOVA followed by Tukey’s multiple comparison test.
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analyzed the aggregated and soluble forms of mHTT by West-
ern blotting. We used EM48 antibody, the most sensitive anti-
body for detecting mHTT inclusions, as well as MAB2166
(amino acids 442 through 457), polyQ (clone 3B5H10), and
HTT (D7F7) antibodies to detect full-length (FL) Htt.

Western blotting analysis of striatal brain lysates prepared in
nondenaturing Tris buffer [which enriches cytoplasmic proteins
(37, 38)] showed a significant enhancement of EM48+ Htt
aggregates in the Q175DN-SUMO1KO striatum compared
with the Q175DN striatum (Fig. 4 A and B). As expected, the
EM48+ Htt aggregates were not seen in WT and SUMO1KO
control groups (Fig. 4A). We then probed the same lysates for
MAB2166 antibody (which detects both Htt and mHtt) or
polyQ antibody to detect mHtt. We found diminished levels of
Htt protein in the Q175DN mice striatum, consistent with ear-
lier reports (39, 40), but a further diminishment of Htt and
decrease in polyQ mHTT in the Q175DN-SUMO1KO striatum
(Fig. 4 A, C, and D). Note that normal Htt protein levels are
also diminished in SUMO1KO striatum (Fig. 4 A and C). Next,
we determined if SUMO1 regulates the HTT mRNA. We
found that while HTT mRNA is significantly diminished in the
Q175DN mice compared with WT, it remained diminished to a
similar extent in the Q175DN-SUMO1KO mice. The mRNA of
normal HTT is similar between WT and SUMO1KO striatum
(Fig. 4E). Investigation with HTT D757 (antibody epitope

around proline1220) revealed diminished Htt levels upon
SUMO1 deletion (SI Appendix, Fig. S5). Thus, SUMO1 dele-
tion reduces the protein levels of mHtt as well as normal Htt,
but not their mRNA levels, in the striatum, indicating posttran-
scriptional and/or posttranslational mechanisms.

Although western blotting data showed that SUMO1 dele-
tion diminishes the soluble mHtt but increases the aggregated
forms of mHtt (EM48+), the whole tissue Western cannot dis-
tinguish the cellular localization of mHtt. Therefore, we carried
out immunohistochemistry (IHC) to determine the EM48 dis-
tribution. IHC staining of striatal brain sections of WT or
SUMO1KO mice with EM48 antibody did not reveal any Htt
inclusions, so these mice were not included in further analysis.
However, EM48 antibody readily detected Htt aggregates in
Q175DN and Q175DN-SUMO1KO striatal brain sections in
both the cortex and striatum (Fig. 4F), consistent with previous
reports (29). The numbers of DARPP-32+ neurons between
Q175DN and Q175DN-SUMO1KO mice did not differ (Fig. 4
G and H); however, a stronger colocalization of EM48+ punc-
tate was observed in DARPP-32+ MSNs (Fig. 4 G and I) in the
striatum of Q175DN-SUMO1KO mice than in Q175DN mice.
These data indicated that SUMO1 deletion altered the mHtt
distribution in MSNs. Therefore, we further analyzed the distri-
bution of EM48+ mHtt aggregates in the cell soma, nucleus,
and extracellular space by confocal imaging.

Fig. 3. SUMO1 deletion diminishes inflammatory astroglial response in Q175DN mice. (A) Representative confocal images for the frontal, central, and
caudal striatum showing DARPP-32 (green), GFAP (red) IHC, and nuclear stain DAPI (blue) with the magnified image in the insets from the indicated gen-
otypes. Striatum (a, c, e, and g) and cortex (b, d, f, and h). (B) Quantification of the GFAP intensity from the frontal, central, and caudal striatum. Data
are mean ± SEM, n = 5 mice per group (male = 3; female = 2); between one and three sections for each striatal region per mouse were analyzed (in total,
eight sections for WT and 16 sections each for Q175DN, Q175DN-SUMO1KO, and SUMO1KO groups). ****P < 0.0001 by one-way ANOVA followed by
Tukey’s multiple comparison test.
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Any EM48+ aggregates detected outside DAPI/DARPP-32
MSN were considered extracellular (see artistic rendering, Fig.
4K), following a guideline from a prior work (41). We detected
nuclear aggregates using a nuclei marker (DAPI) and identified
the cytoplasmic aggregates of EM48+ mHtt localized with
DARPP-32, primarily a cytoplasmically localized protein in the
MSN (see artistic rendering, Fig. 4K) (see Materials and Meth-
ods for details).

We found that the number of nuclear EM48+ aggregates
(solid arrowhead, Fig. 4 J and L) was significantly diminished in
the DARPP-32+ neurons in the Q175DN-SUMO1KO mice
compared with the Q175DN mice (Fig. 4 J and L). Similarly,
the extracellular EM48+ aggregates (asterisk) were significantly
diminished in Q175DN-SUMO1KO mice compared with the
Q175DN mice (Fig. 4 J and M). In contrast, the cytoplasmic
EM48+ aggregates (open arrowhead) in DARPP-32+ neurons
were significantly increased in the Q175DN-SUMO1KO mice
compared with the Q175DN mice (Fig. 4 J and N). There was
no significant difference in the number of cells (DAPI+) or
total EM48+ aggregates between the groups (Fig. 4 O and P).
However, there was a significant decrease in the size of EM48+
mHtt aggregates in the Q175DN-SUMO1KO versus Q175DN
mice (Fig. 4Q). The frequency distribution of various EM48+
puncta showed subtle variations across different sizes between
Q175DN-SUMO1KO versus Q175DN mice (SI Appendix, Fig.
S6). Thus, biochemical data and confocal microscopy findings
indicate that SUMO1 deletion altered the mHtt aggregate
dynamics and increased the steady-state levels of cytoplasmic
EM48+ mHtt in the MSNs.

SUMO1 Deletion Regulates the p62 and EM48+ Interaction and
Autophagic Activities in the Striatum. Next, we explored possible
mechanisms for the regulation of Htt/mHtt levels by SUMO1
in the striatum. Prior works showed autophagy might regulate
mHtt levels, so we focused on autophagy evaluation in vivo using
organelle fractionation/western blotting and IHC assays. p62, a
selective, well-established autophagy cargo, is incorporated
within the autophagosomes (detected by LC3B-II) and degraded
upon fusing with lysosomes. Moreover, previous studies have
identified p62 as a critical mediator of HTT-induced selective
autophagy and disease phenotype. So, we focused on subcellular
localization of p62 and LC3B-II levels by western blotting and
IHC in whole brain lysates and brain sections, respectively.

We separated lysosomes and mitochondria using sucrose
density gradient centrifugation and found enhanced p62 and
LC3B-II accumulation in the lysosomal fractions in the
Q175DN-SUMO1KO (green oval) compared with the Q175DN
striatum (red oval) (SI Appendix, Fig. S7A). The SUMO1KO
mice also displayed enhanced p62 and LC3-II accumulation
(blue rectangle) in the lysosomal fraction compared with the WT
(black rectangle) (SI Appendix, Fig. S7B). This accumulation is
unlikely due to diminished lysosomal activities because SUMO1
deletion provides strong protection against HD-related deficits
(Figs. 1 and 2), and previous studies pointed out that lysosomal
activities (Cathepsin D and Cathepsin B proteolytic enzymatic
activities) are unaltered by mHTT (42). Moreover, mRNA levels
of these enzymes were also unaltered in the striatum of Q175DN-
SUMO1KO mice compared with Q175DN (Dataset S1). Thus,
biochemical results indicated that SUMO1 regulates autophagic
activities in the striatum in vivo. We also found that the mRNA
levels of p62, Nbr1, Nirx1, and optn, the autophagy receptors asso-
ciated with HD (43), showed a decreased trend in Q175DN-
SUMO1KO striatum (SI Appendix, Fig. S7C).

Next, we carried out IHC to visualize EM48+ mHtt aggre-
gates and its association with selected autophagic machineries.
By applying fluorescence colocalization analysis using Mander’s
overlap coefficient (MOC), we found that p62 strongly associ-
ated with EM48+ aggregates in Q175DN striatum and that the

association was significantly diminished in the Q175DN-
SUMO1KO striatum (arrowhead, Fig. 5 A and B).

Simultaneous binding occurs between p62 and autophago-
somes via the interaction with LC3B-II and between p62 and
mHtt/Htt (44, 45). We used the MOC to examine the associa-
tion of EM48+ mHtt and LAMP1 (a lysosomal marker), the
association between LC3B-II and LAMP1, and the association
between p62 and LAMP1. We found strong increases in the EM48
colocalization with LAMP1 (arrowhead, Fig. 5 C and D) as well
as enhanced interaction between LC3B and LAMP1 (arrowhead,
Fig. 5 E and F). By contrast, the p62 and LAMP1 association was
diminished in the Q175DN-SUMO1KO striatum compared with
the Q175DN striatum (arrowhead, Fig. 5 G and H).

Collectively, our subcellular localization results indicate that
SUMO1 deletion may enhance EM48+ mHtt association with
lysosomes via autophagy activities in the HD striatum.

SUMO1 Deletion Increases Autophagy Activation and Diminishes
mHtt in a Cellular Model of HD. We next used cultured HD stria-
tal cells to examine the cause-and-effect relationship between
SUMO1 and autophagy regulation. We depleted SUMO1 by
CRISPR/Cas-9 in well-established STHdhQ7/Q7 (WT-control)
and STHdhQ7/Q111 (HD-het) cell lines and successfully depleted
∼50 to 60% of the SUMO1 modifications (Fig. 6 A and B).
The steady-state levels of Htt were not significantly affected by
diminished SUMOylation in SUMO1-depleted (SUMO1Δ)
WT-control and HD-het cells (Fig. 6 A and B). The HD-het cells
showed enhanced basal LC3B-II compared with WT-control,
and the levels were not affected by SUMO1 depletion (Fig. 6 A
and B). By contrast, enhancement of p62 in HD-het cells was
diminished by SUMO1 depletion (Fig. 6 A and B).

As the degradation of p62 is an important indicator of
autophagy status (autophagy flux), in addition to increased
LC3B-II levels, we carried out subcellular fractionation to
assess autophagy (46). We found LC3B-II (blue circle) and p62
(red circle) levels are accumulated in the lysosomal compart-
ments in SUMO1Δ cells compared with ctrl WT-control cells
(Fig. 6 C and D). Interestingly, we found enhanced accumula-
tion of LC3B-II (orange circle) but diminished p62 (green cir-
cle) in the lysosomal compartments of SUMO1Δ-HD-het cells
compared with ctrl HD-het cells (Fig. 6 C and D). This result
suggests that SUMO1 deletion regulates autophagy activities in
HD. Chloroquine experiments showed further accumulation of
LC3B-II in SUMO1Δ-HD-het cells (Fig. 6 E and F), indicating
that SUMO1 most likely increases autophagy flux.

Next, we analyzed interaction of EM48+ mHtt aggregates
with lysosomal machineries in SUMO1Δ HD-het cells. Results
showed that colocalization of EM48-p62 (Fig. 6 G and H),
LAMP1-p62 (Fig. 6 I and J), and EM48-LAMP-p62 (Fig. 6 K
and L) were decreased in SUMO1Δ HD-het cells compared
with SUMO1 intact HD-het cells (ctrl). These results suggest
that autophagy activities and mHtt interaction with lysosomal
components are increased upon SUMO1 deletion in HD cells.

Unlike the in vivo paradigm (Fig. 4), we did not observe any
drastic decline in basal Htt levels in SUMO1Δ HD-het cultured
cells (Fig. 6 A and B). One reason could be that the steady-
state effect of SUMO1 on mHtt degradation by autophagy can-
not be distinguishable from its synthesis. So, we carried out
kinetic experiments with the protein synthesis inhibitor cyclo-
heximide (CHX). The normal Htt levels were unaffected in
SUMO1Δ WT-control in presence of CHX (SI Appendix, Fig.
S8 A and B), indicating that in vivo regulation of Htt by
SUMO1 is perhaps regulated in a tissue- and age-dependent
manner (Fig. 4). However, we found mHtt and polyQ mHtt lev-
els were strongly diminished in the presence of CHX in the
SUMO1Δ HD-het cells compared with the SUMO1 intact
HD-het cells (ctrl) (SI Appendix, Fig. S8 A and B). We also
observed more autophagic activity evident by decreased p62
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Fig. 4. SUMO1 deletion alters EM48 aggregate distribution in the Q175DN mice striatum. (A) Western blot for indicated proteins from the striatum tis-
sues of indicated genotypes. (B–E) Quantification of the Htt aggregates (EM48) (B), Htt levels (MAB2166), and PolyQ (D) from A. Data are mean ± SEM (B,
n = 3, 2 male, 1 female; C and D, n = 9, 6 male, 3 female mice per genotype). *P < 0.05 by two-tailed unpaired Student’s t test; ***P < 0.001, ****P <
0.0001 by one-way ANOVA followed by Tukey’s multiple comparison test. (E) TPM (transcripts per kilobase million) counts of Htt mRNA from the RNA seq
from striatum of indicated genotypes. Data are mean ± SEM (n = 3, 2 male, 1 female, independent experiments). *P < 0.05 by one-way ANOVA followed
by Tukey’s multiple comparison test. ##P < 0.01 by two-tailed unpaired Student’s t test. (F) Low-magnification confocal immunofluorescence images show-
ing GFAP (red), Htt aggregates (EM48+, green), and DARPP-32 (white) expression from Q175DN and Q175DN-SUMO1KO brain sections. (G) Representative
confocal images showing EM48+ Htt aggregates (green) and DARPP-32 (red) IHC and colocalization of EM48+ Htt aggregates and DARPP-32 in the
striatum from Q175DN and Q175DN-SUMO1KO mice. (H) Bar graphs show the number of DARPP-32+ neurons in 100 μm2 area. (I) MOC of EM48 and
DARPP-32 from G. (J) Confocal images showing the EM48+ Htt aggregates (green), DARPP-32 (red) IHC, and DAPI. Lower panels show the magnified
insets depicting nuclear EM48+ Htt aggregates (solid arrowhead), cytoplasmic EM48+ aggregates (open arrowhead) in the DARPP-32+ neuron, and extra-
cellular EM48+ aggregates (asterisk). Artistic rending of Htt aggregate distribution in and around MSN (K). (L–Q) Quantifications for the number of
neurons with nuclear EM48+ aggregates (L), extracellular EM48+ Htt aggregates (M), cytoplasmic EM48+ Htt aggregates (N) in 100μm2 area, total num-
ber of cells (DAPI+) (O), total EM48+ Htt aggregates (P), and EM48+ HTT aggregate size (Q). (H, I, and L–Q) Data are mean ± SEM (n = 5 mice per group
[male = 3, female = 2]; three to four sections were analyzed for each striatal region per mouse). **P < 0.01, ****P < 0.0001, unpaired two-tailed
Student’s t test. n.s., not significant.
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and increased LC3B-II expression in the SUMO1Δ HD-het
cells (SI Appendix, Fig. S8 A and B). These results indicate
SUMO1 deletion diminishes mHtt levels by enhancing auto-
phagic activities in HD striatal cell model.

The SUMOylation Inhibitor Ginkgolic Acid Enhances Autophagy in
Neuronal HD Cells and Human HD Fibroblasts. We then examined
whether the pharmacological modulation of SUMOylation
affected autophagy activities in HD cells. To determine this, we
investigated the effect of ginkgolic acid (GA). GA, an extract
from Ginkgo biloba leaves, is a type of alkyl phenol that can
directly bind SUMO-activating enzyme, E1, and inhibit the for-
mation of the E1-SUMO intermediate, thereby diminishing
SUMOylation (47). Because SUMO1 depletion enhanced auto-
phagic activities in HD, we hypothesized that GA might enhance
the autophagy activities and alter HTT levels in HD cells. We
tested the GA effect in WT-control, HD-het striatal neuronal
cells, and human unaffected fibroblasts with 17 CAG repeats and
HD-het fibroblasts that contain mHTTwith 69 CAG repeats (this
is closer to the form of mHTT in juvenile HD).

Treatment with various concentrations of GA (500 nm,
10 μM, and 100 μM) revealed 100 μM induced strong autopha-
gic activities in striatal neuron cells (SI Appendix, Fig. S8 C and
D), consistent with prior work in neuroblastoma and epithelial
cells (48, 49). Then, we found GA (100 μM) resulted in two
major effects in our cell models. First, at 0 h, GA induced a
remarkable up-regulation of LC3B-II and p62 expression in
striatal cells (Fig. 7 A and B) as well as fibroblasts (Fig. 7 C and
D). Second, upon time-course experiments with CHX, the GA
treatment did not affect normal HTTor mTOR levels either in
WT striatal neuronal cells (Fig. 7 A and B) or unaffected fibro-
blasts (Fig. 7 C and D). However, GA showed a strong trend of
diminished mHTT levels, particularly evident with polyQ anti-
bodies in both cell types, and the diminishing effect of GA
appeared more pronounced in the human HD fibroblast (Fig. 7
B and D). Moreover, in CHX treatment, we observed time-
dependent rapid degradation of the autophagic cargo p62 in
HD striatal cells and human fibroblast cells in presence of GA
compared with vehicle-treated controls (Fig. 7 A–D). This data
clearly indicates SUMOylation inhibitor GA promotes robust

Fig. 5. SUMO1 deletion regulates auto-
phagic activities in the striatum. (A–H) IHC
and quantification for colocalization coeffi-
cients for EM48-p62 (A and B), EM48-
LAMP1 (C and D), LC3B-LAMP1 (E and F),
and p62-LAMP1 (G and H) in the striatum
from Q175DN and Q175DN-SUMO1KO
mice. DAPI (blue) and color channels (green
or red) are shown according to the indi-
cated antibody combination. Insets with
magnified images are shown on the right.
Yellow arrowheads indicate the colocaliza-
tion for green and red channels. Data are
mean ± SEM (n = 5 mice per group [male =
3, female = 2]; from each mouse, four areas
were averaged from two to four sections
and section averages were used for analy-
sis). ***P < 0.001, ****P < 0.0001 by two-
tailed unpaired Student’s t test.
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Fig. 6. SUMO1 deletion increases the autophagy in a cellular model of HD. (A) Western blotting of the indicated proteins in control (ctrl) and SUMO1-
depleted (SUMOΔ) WT-control and HD-het striatal cells. (B) Quantification of the indicated proteins from A. Data are mean ± SEM (n = 3 to 4 inde-
pendent experiments). **P < 0.01, ***P < 0.001 by one-way ANOVA followed by Tukey’s multiple comparison test. (C) Western blot of subcellular
fractionation from ctrl and SUMOΔ WT-control and HD-het striatal cells. Purple and orange rectangles show lysosomal and mitochondrial fractions,
respectively. Dotted ovals show enrichment of the indicated proteins. (D) Western blot quantification of lysosomal LC3B-II and p62 for the control and
SUMOΔ WT and HD-het cells. Data are mean ± SEM; n = 3 independent experiments; **P < 0.01, ***P < 0.001, and ****P < 0.0001 by two-way ANOVA
followed by Tukey’s multiple comparison test or ##P < 0.01 by two-tailed unpaired Student’s t test. (E and F) Western blotting of the indicated proteins
in ctrl and SUMOΔ WT-control and HD-het striatal cells without or with chloroquine (CQ) 50 μM treatment (E) and the corresponding quantifications (F)
*P < 0.05, **P < 0.01, and ***P < 0.001 versus WT-control, by two-way ANOVA followed by Tukey’s multiple comparison test or #P < 0.05, ###P < 0.001 by
two-tailed unpaired Student’s t test. (G–L) Confocal images and corresponding magnified insets of ctrl and SUMOΔ-HD-het cells immunostained and
showing quantification of Mander’s colocalization coefficient for EM 48-p62 (G and H), LAMP1-p62 (I and J), and EM48-LAMP1-p62 (K and L). Data are
mean ± SEM (n = 4 independent experiments; from each experiment, two to three100-μm2 areas were quantified and used for group analysis). ****P <
0.0001 by two-tailed unpaired Student’s t test.
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autophagy and rapid clearance of autophagy cargo. The effect
of GA is specific to mHTT because GA did not influence nor-
mal HTTor mTOR levels compared with vehicle controls (Fig.
7 A–D). These results indicate that GA mimics SUMO1 deple-
tion and potentiates autophagy activities and diminishes mHTT
protein levels in both mouse and human HD cells.

Discussion
Although polyglutamine expansion is sufficient for pathogenesis,
the toxicity of mHTT is altered by additional cis/trans regulators.
Previous studies have revealed that SUMO is a transacting regu-
lator of mHTT toxicity in HD cells and in HD animal models.

SUMO modification of mHTT increases the soluble forms to
promote cellular toxicity (21–23, 50), but no in vivo role or under-
lying mechanism for SUMOylation has been proposed for HD
pathogenesis in the knockin model.

The present data reveal that SUMO1 deletion in the
Q175DN HD-het knockin mice diminished HD-related behav-
ioral and anatomical deficits and inflammatory responses and
was accompanied by the enhancement of EM48+/p62 localiza-
tion, autophagy, and lysosomal activities in the striatum. Interest-
ingly, the SUMO1-deleted MSNs showed alteration of mHTT
from a soluble to an aggregated state, and the aggregates were
then further reallocated from the nucleus and extracellular space
to the cytoplasm. Thus, in the presence of SUMO1 the HD

Fig. 7. SUMO inhibition by GA decreases
stead-state levels of mHTT in HD striatal
and human HD fibroblasts. (A) Representa-
tive western blot for the indicated proteins
from WT-control and HD-het cells treated
with vehicle dimethylsulfoxide (DMSO) or
GA (100 μM) for 24 h and CHX (75 μM) for
the indicated time points. (B) Quantifica-
tion of indicated proteins from A. Data are
mean ± SEM (n = 3 independent experi-
ments); *P < 0.05, **P < 0.01, ***P <
0.001, and ****P < 0.0001 between
WT-control and WT-control + GA; #P <
0.05, and ##P < 0.01 between HD-het and
HD-het + GA by repeated measure two-
way ANOVA followed by Tukey’s multiple
comparison test or Bonferroni’s multiple
comparisons test (for PolyQ). (C) Human
fibroblast healthy or patient-derived HD
cells (HD 69) treated with GA (100 μM) for
24 h and CHX (50 μM) for the indicated
time points. (D) Quantification of indi-
cated proteins from C. Data are mean ±
SEM (n = 3 independent experiments);
*P < 0.05, and **P < 0.01 between healthy
and healthy + GA; #P < 0.05, ##P < 0.01,
and ####P < 0.0001 between HD69 and
HD69 + GA by repeated measure two-way
ANOVA followed by Tukey’s multiple compar-
ison test or Bonferroni’s multiple comparisons
test (for PolyQ). (E) A mechanistic model
depicting SUMO1-mediated striatal abnormal-
ities in HD. See Discussion for details.
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pathogenesis is accompanied by aberrant autophagy signaling
and a potentially neurotoxic localization of soluble forms of
mHTT in the cytoplasm.

Interestingly, we found SUMO2/3 mRNAs are significantly
enhanced in Q175DN mice striatum but appear to be decreased in
Q175DN-SUMO1KO. Moreover, the autophagy regulator gene
(Atg) 5, but not other Atgs (3, 8, 10, or 13), is significantly up-
regulated in Q175DN-SUMO1KO. Pink1, a positive regulator of
autophagy, is diminished in Q175DN-SUMO1KO (SI Appendix,
Fig. S9 A and B). These results reveal that the possible mecha-
nism(s) may involve specific transcriptional/posttranscriptional
regulation of SUMO isoform signaling and a specific autophagy
regulatory mechanism in the mediation of mHTT-induced striatal
atrophy.

Previous studies have linked SUMOylation to autophagy.
For example, SUMOylation of Vps34 and its interaction
with Beclin-1 is implicated in autophagosome formation in
cancer and smooth muscle cells (51, 52). Similarly, the
SUMO E2 ligase Ubc9 can regulate autophagy flux in cardio-
myocytes (53). Upon DNA damage, SUMOylation of RhoB pro-
motes its interaction with TSC2 and translocation to the lysosomes,
where it inhibits mTORC1 to result in activation of autophagy
(54). Furthermore, deletion of the Senp3 gene that codes for a
de-SUMOylating enzyme increased autophagy flux in the liver
(55). These results suggest that SUMOylation promotes autophagy
flux. By contrast, blocking the SUMO pathway by depleting
SUMO1 and UBC9 or by exposure to ginkgolic acid (a SUMOyla-
tion inhibitor) enhances the autophagy flux in breast cancer cells
(56). Thus, SUMOylation can modulate autophagy in two opposite
directions depending on the cell/tissue type, regulator, and targets
of the SUMO pathway being altered. Therefore, a highly complex
and intricate regulation of SUMOylation is associated with autoph-
agy dysregulation, which may interfere with various kinds of
autophagy including macroautophagy and chaperone-mediated
autophagy (57).

The autotophagy dysregulation mechanisms in HD may involve
a combination of multiple molecular processes. For example,
SUMO1 modification of mHTT may directly interfere with the
autophagy components; consequently, a loss of SUMO1 increases
the levels of the ubiquitinated version of mHTT that, in turn, can
interact strongly with p62 to enhance macroautophagy as well as
mHTT clearance (Fig. 7E). This possibility is supported by our
results showing enhanced autophagy activities and degradation of
soluble mHTT in SUMO1-deleted HD striatum and cell models.
SUMO may also inhibit autophagy via an indirect and integrated
inhibitor feedback loop. For instance, 1) SUMO modification of
GβL (58), which is a major component of mTOR, regulates
nutrient-induced mTORC1 signaling, which inhibits autophagy;
2) SUMO modification of mHTT, which also promotes nutrient-
induced mTORC1 signaling (32), may further inhibit autophagy;
and 3) SUMOylation of Rhes on multiple sites may regulate
Rhes-mediated Beclin-1–dependent and mTOR-independent
autophagy (20, 59). Thus, SUMO deletion may regulate autoph-
agy in the striatum via both mTOR-dependent and mTOR-
independent signaling pathways, but the precise mechanisms of
actions are unclear.

Despite enhanced astroglial and microglial response in
HD striatum, only a limited number of gene transcripts and
the associated inflammatory biomarkers were altered in the stri-
atum of SUMO1-deleted HD mice (Dataset S1). The exact
details of how autophagy and inflammation are linked in the reg-
ulation of CNS functions and disease remains unclear, but
autophagy is known to play a critical role in neuroinflammation
by a repertoire of the process including the survival of inflamma-
tory cells—for example, astrocytes and microglia (60). In fact,
autophagy inhibition is shown to promote astrocytic malfunction
(61). Moreover, we showed that cyclic GMP-AMP synthase
(cGAS), a DNA sensor, is up-regulated in HD and promotes

autophagy and inflammatory responses in the HD cell model
(62). How cGAS and SUMO may interact in HD remains
unknown. Thus, SUMO1–autophagy dysregulation may synergize
with upstream inflammatory regulators to promote HD-like
deficits.

We propose a model (Fig. 7E) whereby mHTT is synthe-
sized and then undergoes SUMO modification, mediated by
one or more SUMO E3-like proteins, such as Rhes (19, 20,
23), PIAS (21, 50), or unknown E3s. Both the non-
SUMOylated and SUMOylated versions of mHTT can move
from cytoplasm into the nucleus and out of the neurons (into
the extracellular space) and eventually become aggregated. A
portion of the non-SUMOylated HTT that aggregates in the
cytoplasm is removed by the ubiquitin and p62 interaction
through autophagy or other degradation pathways such as pro-
teasomes (63). By contrast, the SUMOylated soluble mHTT
forms in cytoplasm inhibit autophagy either by activating
mTORC1 or blocking autophagosome formation or lysosomal
activities. Thus, SUMO1 causes a slow and sustained blockade
of autophagy, thereby affecting neuronal homeostasis and lead-
ing to the MSN dysfunction observed in HD (Fig. 7 E, Left).
Lack of SUMO1 averts this autophagy inhibition and impedes
the transport of mHTT to the nucleus and extracellular space.
This enhances the formation of mHTT aggregates in the cyto-
plasm, and these can now be degraded through the active
autophagy pathway (Fig. 7 E, Right).

Surprisingly, the SUMO E3-like protein Rhes levels are down-
regulated in the Hdh150Q knockin mouse striatum (64), indicat-
ing that compensatory mechanisms are at work. Perhaps clearance
of Rhes will decrease the SUMOylated forms of mHTT and
extend the onset and reduce the severity of the disease process.
Consistent with this notion, forced expression of Rhes enhanced
soluble forms of mHTT and worsened the motor phenotype in
HD mouse models (65). We could not quantify the SUMOylation
of endogenous FL-HTT due to low stoichiometry of SUMOyla-
tion of FL-HTT in vivo. Interestingly, we found that Rhes can dis-
seminate mHTT in the brain (66), but whether this requires
SUMO remains to be determined.

Overall, this report, based on data integrated from in vivo
and in vitro models, behavioral approaches, and biochemical
tools, provides insights into a critical role of SUMO in autoph-
agy regulation in HD. SUMO1 deletion reduces the soluble
mHTT levels, prevents the inflammatory response, and amelio-
rates HD pathogenesis. This research shows that interfering
with SUMO signaling, for example, by using a pharmacological
inhibitor such as GA or its analogs, can provide therapeutic
opportunities to relieve HD symptoms and progression by
up-regulating autophagy and diminishing toxic mHTT levels.

Materials and Methods
Reagents, antibodies, animals and behavioral assay, cell lines, biochemical
analysis, immunohistochemistry, mHTT aggregation assay, lateral ventricle
area determination, stereology, immunocytochemistry, RNA Seq, and statisti-
cal analysis can be found in SI Appendix,Materials andMethods.

Data Availability. All study data are included in the article and/or SI Appendix.
Sequencing data have been submitted to the Gene Expression Omnibus data
repository (GSE150990). All other study data are included in the article and/or
supporting information.
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