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KLHL25-ACLY module functions as a
switch in the fate determination of the

differentiation of iTreg/Th17
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The differentiation of Th17 and iTreg is tightly associated with fatty acid metabolism. TGF{31-induced
iTreg differentiation from ThO relies on fatty acid oxidation (FAQ), whereas IL-6 with TGFB1 shifts
metabolism to Th17-preferred fatty acid synthesis (FAS). However, how IL-6 reprograms fatty acid
metabolism remains unclear. Here, we unveiled that TGFp1-activated JNK is recruited to the KIh/25
promoter by NF-YA. JNK then phosphorylates histone H3 at Ser10 to activate KIh/25 transcription,
leading to the ubiquitination-dependent degradation of ATP-citrate lyase (ACLY) and the switch from
FAS to FAO, which supports iTreg generation. Whereas, upon IL-6 signaling, NF-YA is phosphorylated
by ERK, losing its DNA binding ability, which shuts off TGFp1-JNK-mediated KIh/25 transcription and

ACLY ubiquitination, thereby increasing FAS and supporting Th17 differentiation. This study
demonstrated that KLHL25-ACLY module functions as a switch in response to TGF31 and IL-6
signals, playing a decisive role in the fate determination of iTreg/Th17 differentiation.

CD4" T cells consist of multiple subpopulations, including Th1, Th2, Th17
and Treg, all of which play critical roles in regulating immune responses and
inflammatory diseases”. Among them, the anti-inflammatory regulatory
T cells (Treg) and pro-inflammatory T helper 17 cells (Th17) constitute a
balance that is crucial for immune homeostasis™'. A decreased iTreg/Th17
ratio, resulting from impaired iTreg generation or excessive Th17 differ-
entiation, is often associated with the autoimmune disorders such as
inflammatory bowel disease (IBD), psoriasis, rheumatic arthritis, etc™®,
Interestingly, both iTreg and Th17 are differentiated from activated T cells
(ThO). TGFp1 signaling determines the differentiation of ThO into iTreg,
which relies on the expression of the core transcription factor Foxp3’;
whereas, along with TGFp1, additional IL-6 signaling induces the expres-
sion of transcription factor RORyt and cytokines IL-17, leading to the dif-
ferentiation of ThO into Th17®. Thus, the presence or absence of IL-6
signaling is a decisive factor in determining whether TGFp1-responsive ThO
differentiating into Th17 or iTreg. However, the molecular mechanism by
which IL-6 signaling counteracts pre-existing TGFp1 signaling remains
poorly understood.

Recent studies have shown that the differentiation fate of iTreg and
Th17 is tightly associated with fatty acid metabolism’. Th17 differentiation
relies on aerobic glycolysis and fatty acid synthesis (FAS), a primary
metabolic mode adopted by almost all rapidly proliferating cells, including
ThO; In contrast, iTreg differentiation requires the establishment of fatty
acid oxidation (FAO)'*"". Impairment of FAO significantly inhibits ThO
differentiating into iTreg, while conversely, inhibition of FAS not only
restrains Th17 differentiation but also promotes the transition of ThO into
iTreg'>". FAS is controlled by three rate-limiting enzymes in cytoplasm,
including ATP-citrate lyase (ACLY), acetyl-CoA carboxylase (ACC), and
fatty acid synthase (FASN). ACLY catalyzes mitochondrial-derived citrate
to produce acetyl-CoA, which is then utilized by ACC for the formation of
malonyl-CoA. FASN uses both malonyl-CoA and acetyl-CoA as substrates
to continuously synthesize long-chain fatty acids. Notably, malonyl-CoA
functions as the physiological inhibitor of carnitine palmitoyltransferase 1
(CPT1), the rate-limiting enzyme in FAO pathway. Thus, when FAS is
vigorous, FAO is naturally inhibited by the adequate malonyl-CoA. On the
contrary, a reduction of FAS, caused by decreased ACLY or ACC activity,
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relieves this inhibition of CPT1, allowing FAO to proceed. During the
activation of naive CD4" T cells into ThO upon the ligation of TCR/CD28
co-stimulation, the expression of ACLY, ACC and FASN is upregulated
through mTOR-SREBP1 signaling'’. Interestingly, our previous study
revealed that, among the three rate-limiting enzymes of the FAS pathway,
ACLY exhibited the most significant decrease in iTreg”. In response to
TGFp1, ACLY is degraded via ubiquitin ligase CUL3-KLHL25-mediated
ubiquitination, leading to the reduction of downstream product malonyl-
CoA. This results in the inhibition of FAS and the promotion of FAQ, thus
favoring iTreg differentiation'. Although the role of IL-6 signaling in the
differentiation of ThO into Th17 has been well established, how TGFp1-
induce FAO is converted by IL-6 signaling to control the fate of cell dif-
ferentiation has not yet been explored.

Given that Th17 differentiation relies on FAS, which requires relatively
high expression and activity of ACLY, the reversal of TGFp1-induced ACLY
degradation is thought to be crucial for responding to IL-6 signaling and is
essential for Th17 differentiation. In the present study, we showed that IL-6-
activated ERK restrains the binding of JNK/NF-YA to the promoter of
Kihi25, thereby suppressing TGFp1-triggered ubiquitination and degrada-
tion of ACLY. This ultimately enhances FAS and thus promotes Th17
differentiation. Hence, the KLHL25-ACLY module function as a switch in
response to TGFP1 and IL-6 signaling, playing a decisive role in determining
the differentiation fate of iTreg versus Th17.

Results

Reversal of TGFB1-induced ubiquitination-dependent ACLY
degradation is crucial for Th17 differentiation upon IL-6 addition
Our previous study unveiled that TGF(1 signaling triggers ubiquitination-
dependent ACLY degradation, leading to the establishment of FAO and
favoring iTreg differentiation'’. Given that along with TGF1, additional IL-
6 signaling induces the differentiation of ThO into FAS-preferred Th17, we
speculated that IL-6 may modify fatty acid metabolism to stabilize and/or
enhance FAS, thereby promoting Th17 differentiation. To test this, modes
of iTreg and Th17 differentiation in vitro were set up (Fig. S1a) and [U-"C]-
labeled glucose or palmitate tracing experiments were performed to assess
de novo FAS and FAO, respectively. Intriguingly, we observed a significant
reduction in de novo FAS and an enhancement of FAO during the differ-
entiation of ThO into iTreg (Figs. 1a, b, S1b, c); whereas, these alterations
were not seen in Th17 (Figs. 1a, b, S1b, ¢), confirming that FAS is required
for Th17 differentiation. Specifically, compared to the high expression of
ACLY, ACC, and FASN, the key enzymes in de novo FAS pathway, in Tho,
ACLY expression and activity were significantly reduced upon exposure to
TGFp1 alone for iTreg differentiation. However, when IL-6 was added along
with TGFB1, we observed significantly elevated levels of ACLY expression
and activity (Fig. 1¢, d, S2a-d). Next, to verify the key role of ACLY in IL-6-
induced Th17 differentiation, ACLY activity was reduced by inhibitor
SB204990, or Acly expression was knocked down by targeting siRNAs.
While iTreg differentiation was enhanced as a control, IL-6-induced Th17
differentiation was significantly impaired by these pharmacological and
genetic interventions, which however, was recovered by the supply of
malonyl-CoA, the downstream product of ACLY in FAS pathway (Figs. le,
S3a, b). Conversely, overexpression of ACLY reduced iTreg differentiation
while increased IL-6-induced Th17 differentiation. This enhancement was
abolished upon treatment with an ACC inhibitor (Figs. 1f, S3c). These
results revealed that high-level and -activity of ACLY are indispensable for
inducing Th17 differentiation.

To explore the mechanism by which ACLY is regulated during Th17
differentiation, the expression and degradation of ACLY were examined.
The transcription of Acly remained unchanged upon the treatment of
TGFp1, or TGFP1 along with IL-6 (Fig. 2a). We then employed cyclohex-
imide (CHX), a well-documented ribosome inhibitor commonly used to
block protein synthesis, during either Th17 or iTreg differentiation to assess
ACLY protein level. The time dynamic analysis showed that IL-6 stimula-
tion led to a recovery of TGFp1-triggered ACLY reduction, even in the
presence of CHX (Fig. 2b), suggesting that IL-6 inhibits the degradation of

ACLY. As expected, this inhibitory effect on ACLY degradation was
attributed to the reversal of TGFf1-triggered ACLY ubiquitination (Figs. 2c,
S4a). These data indicated that IL-6 reverses TGFp1-induced ubiquitina-
tion-dependent ACLY degradation, thereby stabilizing ACLY protein levels
and promoting FAS, which ultimately facilitates Th17 differentiation.

IL-6-elicited suppression of TGFf1-induced KIhI25 transcription
accounts for the abolishment of ACLY ubiquitination

Our previous study showed that ubiquitin ligase CUL3-KLHL25 mediates
TGFpl-induced ACLY ubiquitination, facilitating the shift in fatty acid
metabolism from FAS, utilized by Tho, into iTreg-preferred FAO". CUL3-
KLHL25 complex belongs to Cullin-RING ubiquitin ligase family, the lar-
gest class of ubiquitin ligases. In brief, CUL3 is the core scaffolding protein
holding the entire complex together, while KLHL25 serves as an adaptor for
substrate recognition'®"”. So, the interaction of ACLY with CUL3-KLHL25
upon treatment of TGF1 alone or along with IL-6 was examined. The result
showed that addition of IL-6 attenuated the binding of ACLY with CUL3-
KLHL25, which was enhanced by TGFp1 (Figs. 2d, S4b), and correspond-
ingly altered ACLY ubiquitination (Fig. 2c). Then, the kinetics of the mRNA
and protein levels of both Cul3 and KIhi25 were analyzed. The result showed
that the mRNA and protein levels of KIhi25 were elevated upon
TGFB1 stimulation, which were abolished by the addition of IL-6; whereas,
those of CUL3 were scarcely changed (Fig. 2e, f). To corroborate that
transcription suppression of Klhi25 accounts for the effect of IL-6 on Th17
differentiation induction, we conducted retroviral infection-mediated
overexpression of KLHL25, followed by exposing the cells to TGFp1 and
IL-6. The results from Co-IP assays showed that when overexpression of
KLHL25 increased the interaction of CUL3 with ACLY in iTreg (Fig. S4c,d),
the impairment of CUL3 binding with ACLY as well as the decrease in
ubiquitination of ACLY both induced by IL-6 treatment were also reversed
by overexpression of KLHL25 (Figs. 2g, h, S4e, f). In parallel, the
enhancement of FAS and the reduction of FAO were also reversed in Th17
(Figs. 3a—c, S5a, b). Ultimately, the differentiation of Th17 was reduced upon
the overexpression of KLHL25. Intriguingly, this decrease was recovered by
supply with malonyl-CoA, an important intermediate in FAS pathway
(Fig. 3d). Taken together, the combined data suggested that IL-6 suppresses
ACLY ubiquitination by mitigating TGFp1-mediated transcription of
Klhi25, thereby sustains FAS to favor Th17 differentiation.

TGFpB1 promotes the transcription activation of KIh/25 through
NF-YA-mediated binding of JNK to the KIh/25 promoter
To decipher how IL-6 suppresses TGFB1-induced KIhI25 transcription to
maintain the stability of ACLY protein, it is essential to first investigate the
molecular mechanism underlying TGFp1-induced KIhi25 transcription,
which was not addressed in our previous study. The well-known effective
signal mediators downstream of TGFp1 receptor, such as Smad3, ERK, JNK,
and p38'®"’, were examined. The result showed that the TGFp1-induced
increase in both mRNA and protein levels of Kihi25 was abolished by
inhibition of JNK using an inhibitor that targeting its phosphorylation; In
contrast, inhibitors targeting the phosphorylation of Smad3, ERK or p38
had no effect (Fig. 4a, b). Accordingly, the effects of TGFB1 on both the
binding of CUL3 with ACLY and the ubiquitination-dependent degrada-
tion of ACLY were diminished upon JNK inhibition (Figs. 4c—e, S6a, b).
Furthermore, these changes triggered by TGFp1 alone and/or in conjunc-
tion with JNKi were largely enhanced upon KLHL25 overexpression
(Fig. S6a—d). Moreover, JNK inhibition suppressed TGFp1-induced FAO
and iTreg differentiation, which were enhanced when KLHL25 was over-
expressed (Fig. 4f, g). Likewise, knockdown of Acly using targeted siRNA
could also reverse the effect of the JNK inhibitor on iTreg differentiation
(Fig. 4h). Taken together, the combined data indicated that TGFP1 pro-
motes KIhi25 transcription, which is dependent on JNK activation; the
expression of Klhi25leads to ACLY degradation, resulting in enhanced FAO
and iTreg differentiation.

Since JNK directly binds to gene promoter regions and phosphorylates
H3S10 to promote gene transcription”, a dual luciferase reporter analysis
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was conducted. The data

showed that TGFp1 treatment increased the

transcriptional activity of KIhI25 promoter; however, this effect was abol-

ished by JNK inhibition (

Fig. 5a). Importantly, the chromatin immuno-

precipitation (ChIP) experiments showed that JNK bound to the KIhi25

promoter upon TGFP1

treatment, leading to enhanced H3S10

phosphorylation. However, both JNK binding and H3S10 phosphorylation
were markedly attenuated following the administration of a JNK inhibitor
(Fig. 5b, ¢).

The site specificity of JNK binding to gene promoter relies on the
transcription factor NF-Y, a trimeric complex including NF-YA, NF-YB
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Fig. 1 | ACLY-mediated FAS is crucial for IL-6-induced Th17 differentiation.
Analyses of FAS and FAO in iTreg and Th17. Naive CD4" T cells were cultured
under ThO, iTreg or Th17 polarization conditions for 48 h in the presence of [U-"C]
glucose (11 mM) (a) or [U-"C] palmitate (100 uM) (b). Cells were collected and
subjected to metabolic flux analysis for FAS (a) or FAO (b) by UHPLC-HRMS
analysis. ¢, d Assay of the protein and enzymatic activity of ACLY iniTregand Th17.
Cells were cultured as described in the legend to (a) for 72 h and subjected to analyses
for ACLY protein level by WB (c¢) and ACLY enzymatic activity by enzymatic
activity assay kit (d). e Knockdown of Acly reduces Th17 differentiation. Naive CD4"
T cells isolated from mice were transfected with negative control (NC) or Acly
targeting siRNAs and were cultured as described in the legend to (a) for 72 h.

Malonyl-CoA (50 uM) was added (or not) to the culture at the onset. Cells were
stained for CD4/IL-17A to identify Th17 prior to flow cytometry (FCM) analysis
(left) and quantification (right). f Overexpression of ACLY enhances Th17 differ-
entiation. Cells transfected with pMIG-Acly overexpression virus were polarized as
described in the legend to (e) and were stained for CD4"IL-17A*Th17 analysis by
FAM (left) and quantification (right). For (a-f), data are representative as mean +
SD (n =4 (a) or 3 (b-f) biologically independent samples) with p values determined
by one-way ANOVA test. For WB in (, e, f), one representative experiment out of
three is represented. The values indicate mean intensities based on three biological
replicas.

and NF-YC”. NF-YA is the dominant DNA binding subunit within the NF-
Y complex™. Consequently, Co-IP and Re-ChIP experiments were con-
ducted, showing that upon TGFp1 treatment, NF-YA and JNK bound to
each other in a manner dependent on JNK activation; also, they co-localized
at the promoter of Kihi25 (Fig. 5d, e). When JNK phosphorylation was
inhibited, both the interaction and co-localization at KIhi25 promoter were
declined (Fig. 5d, e); however, the binding of NF-YA’ s own to KIhi25
promoter was unchanged (Fig. 5f). Notably, knockdown of Nfya with tar-
geted siRNAs significantly disrupted the binding of JNK to the KIhi25
promoter and attenuated TGFPl-induced transcription of KIhi25
(Fig. 5g, h), indicating that NF-YA is indispensable for the effect of JNK on
activating KIhi25 transcription. These data suggested that TGFp1 activates
JNK, which is then recruited by NF-YA to the KIhi25 promoter, thereby
promoting transcription activation of the target gene.

IL-6-induced ERK activation abolishes NF-YA binding to the
KIhI25 promoter

To investigate whether IL-6 reprograms fatty acid metabolism to promote
Th17 differentiation by reversing JNK-mediated transcription activation of
Kihi25, we conducted a dual luciferase reporter assay. The results showed
that the addition of IL-6 dampened TGFp1-triggered transcriptional acti-
vation of the KIhI25 promoter (Fig. 6a). Given the critical role of JNK in
TGFp1-induced KIhi25 transcription, the effect of IL-6 on JNK expression
and phosphorylation was analyzed. IL-6 did not influence JNK expression
or phosphorylation in the presence of TGF1 (Fig. S7a, b). Furthermore, the
nuclear localization of JNK remained unchanged following IL-6 treatment
(Fig. S7c). However, IL-6 treatment significantly inhibited the binding of
JNK to the KIhi25 promoter (Fig. 6b). Additionally, phosphorylation of
H3S10 was reduced (Fig. 6¢). Notably, IL-6 treatment also diminished the
binding of NF-YA to the KIhi25 promoter induced by TGFp1 (Fig. 6d).
Furthermore, the co-localization of INK and NF-YA at the KIhI25 promoter
triggered by TGFp1 were reduced by IL-6 treatment, although the inter-
action between JNK and NF-YA remained unchanged (Fig. S8a, b). These
data suggested that the loss of DNA binding activity of NF-YA upon IL-6
incubation is responsible for the decreased transcription of KIhi25.

To further uncover the mechanism of IL-6 inhibiting NF-YA binding
to KIhi25 promoter, the signaling pathways downstream of IL-6 receptor,
mainly including JAK-STAT3 and ERK, were considered™”. Given that
NE-YA is a substrate of activated ERK, which phosphorylates NF-YA and
reduces its DNA-binding activity”’, the ERK inhibitor was applied in the
presence of IL-6. The result showed that the addition of IL-6 promoted the
interaction of ERK with NF-YA, and enhanced NF-YA phosphorylation,
which were compromised in response to ERK inhibition (Fig. 6e, f). As a
control, ERK inhibition couldn’t reverse these changes in the absence of IL-6
(Fig. S8c). Moreover, the ChIP result showed that the inhibition of IL-6 on
the binding of NF-YA to KIhi25 promoter was reversed by ERK inhibitor
treatment (Fig. 6g), likewise, the co-localization of JNK with NF-YA at the
KIhi25 promoter was also recovered upon ERK inhibition (Fig. S8d).
Importantly, the effect of IL-6 signaling-activated ERK on the binding of
NE-YA/JNK to KIhi25 promoter was confirmed by using human peripheral
blood T cells (Fig. S8e). Furthermore, an EMSA was performed using a
probe derived from KIhi25 promoter, containing NF-YA binding site

(located at —968 to —939). The results showed that the NF-YA from the
nuclear extract of the cells treated with TGFp1 was able to bind to the KIhi25
promoter-derived probe, which was significantly inhibited by IL-6 treat-
ment; However, when ERK was inhibited, the IL-6-induced inhibitory effect
was significantly reversed (Fig. 6h). Moreover, the binding of NF-YA to the
probe was notably reduced upon the addition of a cold probe or due to the
NE-YA binding-site mutation, confirming the specificity of NF-YA binding
(Fig. 6h). These data suggested that IL-6 activates ERK, which subsequently
phosphorylates NF-YA, thereby impairing its DNA-binding ability.

In addition, ERK inhibition abolished IL-6-induced reduction in
KIhI25 promoter transcriptional activity, as well as the decrease in both
mRNA and protein levels of Kihi25 (Fig. 7a—c). As a control, the expression
of KIhi25 did not change upon STATS3 inhibition, and ERK inhibition did
not suppress KIhi25 transcription in the absence of IL-6 (Figs. 7b, ¢, S8f),
indicating the specificity of ERK in regulation KIhi25 transcription in
response to IL-6. Importantly, the effects of IL-6 signaling-activated ERK on
the KIhi25 expression, the interaction of ACLY with CUL3-KLHL25, as well
as the ubiquitination and degradation of ACLY were also confirmed by
using human T cells (Figs. 7d, S9a—e). To further signify the ERK/NF-YA
circuit in controlling ACLY protein stability and Th17 differentiation, Nfya
knockdown was performed in the presence of ERK inhibition. The results
showed that IL-6-induced reduction in the mRNA and protein levels of
Kihi25, ACLY ubiquitination, FAO metabolism, and the increase in Th17
differentiation were all reversed upon ERK inhibition. However, the effects
of ERK inhibition were significantly attenuated following Nfya knockdown
(Figs. 7e-i, S9f). Similarly, when KiIhiI25 was knocked down, the effects of
ERK inhibition on the binding of ACLY with CUL3, ubiquitination-
dependent ACLY degradation as well as Th17 differentiation were all
abolished (Figs. 7j, S10a—e). Importantly, the effects of Nfya and Klhi25
knockdown on IL-6-induced Th17 differentiation were also confirmed by
using human T cells (Fig. S9g). On the other hand, when ACLY was
overexpressed, the reduction of Th17 differentiation triggered by ERK
inhibition was significantly recovered (Fig. S10f). Taken together, these data
suggested that NF-YA, regulated by TGFP1-JNK or IL-6-ERK signaling,
acts as an executor to activate or inactivate KIhi25 transcription, thereby
determining the differentiation fate of iTreg or Th17.

Due to the limitations of the in vitro differentiation system, where only
a small portion of cells become polarized, pure iTreg and Th17 were
obtained from Foxp3"™™ and IL-17A%F mice to further confirm the crucial
role of NF-YA in the transcriptional regulation of KIhi25 in iTreg and Th17.
The data showed that iTreg expressed higher levels of KLHL25, displayed
more interaction between CUL3 and ACLY, and exhibited more ACLY
ubiquitination compared to ThO and Th17 (Fig. S11a-e). Furthermore, the
co-binding of NF-YA/JNK to the KIhi25 promoter and the H3S10 phos-
phorylation of this region were enhanced in iTreg, while these effects were
correspondingly reversed in Th17 (Fig. S11f, g). In addition, we found that
the phosphorylation of NF-YA was increased in Th17 compared to ThO or
iTreg (Fig. S11h), suggesting that the activation of the IL-6 signaling path-
way during Th17 differentiation promotes the phosphorylation of NF-YA
and inhibits its DNA-binding activity. These data strongly support the
important role of NF-YA in regulating KIhi25 transcription in iTreg
and Th17.
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KLHL25 may play an important role in autoimmune diseases by
regulating Th17 differentiation

IBD, as a common digestive system disease, poses a serious threat to public
health, and modulation of Th17 function holds promise for the therapeutic

treatment™”*®

. We utilized a classic mouse IBD model by the adoptively

transferring of naive CD4" T cells into Ragl™ recipient mice”’, to perform a
functional assay of KLHL25 in IBD pathogenesis. Naive CD4" T cells were
isolated and infected with a retrovirus overexpressing KLHL25 prior to their
polarization into iTreg, Th17, or Th17 (KLHL25°) (Fig. 8a). Compared to
the control, Th17 differentiation was reduced by KLHL25 overexpression
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Fig. 2 | IL-6 inhibits TGFP1-induced-KIhI25 transcription to repress ACLY
ubiquitination. a Detection of Acly mRNA level in iTreg and Th17. Naive CD4* T
cells were cultured under iTreg or Th17 polarization conditions for 4 days. Total
RNA and cDNA were obtained at indicated times for Acly mRNA level analysis. b IL-
6 inhibits ACLY degradation. Naive CD4" T cells were cultured as described in the
legend to (a) for 48 h and treated with CHX (10 pg/ml) as indicated prior to WB
analysis (left). Quantification of ACLY levels (right). ¢ IL-6 inhibits ACLY ubiqui-
tination. Cells polarized as described in the legend to (a) for 48 h were treated with
MG132 (10 uM) for 6 h and cell extracts were immunoprecipitated with antibodies
against ACLY. IgG serves as a negative control. d IL-6 reduces the interaction of
ACLY with CUL3-KLHL25. Cells polarized as described in the legend to (c) and cell
extracts were immunoprecipitated with antibodies against ACLY. IgG serves as a
negative control. e, f Impact of IL-6 on the transcription and expression of Cul3 and
KIhi25. Cells were polarized as described in the legend to (a) for indicated time. The

mRNA level of KIhi25 (up) and Cul3 (down) were analyzed by gPCR (e). The protein
level of CUL3 and KLHL25 were determined by WB (f). g KLHL25 overexpression
abolishes the inhibitory effect of IL-6 on the interaction of ACLY with CUL3. Naive
CD4" T cells transfected with pMIG-KIhI25 were polarized as described in the legend
to (c). Cell extracts were immunoprecipitated with antibodies against ACLY before
'WB analysis. IgG serves as a negative control. h KLHL25 overexpression abolishes
the inhibitory effect of IL-6 on ACLY ubiquitination. Cells prepared as described in
the legend to (g) were lysed and immunoprecipitated with antibodies against ACLY
before WB analysis. IgG serves as a negative control. Data are representative as
mean = SD (n =3 (a, e) or 4 (b-d, f-h) biologically independent samples) with p
values determined by two-way ANOVA test (a, b, e, f) or one-way ANOVA test
(¢, d, g, h). For WB in (b-d, f-h), one representative experiment out of three is
represented. The values indicate mean intensities based on three biological replicas.

(Fig. S12a). Mice injected with naive CD4" T cells alone developed severe
colitis, manifested by body weight loss (Fig. 8b), an increase in disease
activity index (DAI) score (Fig. 8c), colon length shortening (Fig. 8d),
inflammatory cell infiltration, mucosal edema and injury, and an increase in
crypt damage (Fig. 8e), indicating successful model establishment. As
expected, mice injected with naive CD4" T cells along with iTreg showed
more Treg and fewer Th17 in the colon lamina propria (cLP) and mesen-
teric lymph nodes (MLNs) (Figs. 8f, g, S12b, ¢), and significantly alleviated
pathological alterations associated with colitis (Fig. 8b—e). In contrast, mice
injected with naive CD4" T cells along with Th17 showed fewer Treg and
more Thl7 in both the cLP and MLNs, accompanied by more severe
symptoms (Figs. 8b-g, S12b, c). Notably, when injected with naive CD4"
T cells along with Th17 (KLHL25°%), mice showed fewer Th17 and more
Treg in both the cLP and MLNS, resulting in further alleviation of colitis
compared to those injected with Th17 (Figs. 8b-g, S12b, c). Using the same
T-cell adoptive transfer IBD model, we found that injection of Th17, treated
with ACLY inhibitor SB204990 during its differentiation, also effectively
relieved T cell transfer-induced colitis in mice, compared to that injected
with normal differentiated Th17 (Fig. S13a—f). Moreover, oral administra-
tion of the ACLY inhibitor to mice resulted in a reduction of Th17, an
increase of Treg population in colonic lamina propria (cLP), and alleviation
of dextran sodium sulfate (DSS)-induced colitis, another classic mouse IBD
model (Fig. S14a-f). Together, these in vivo data confirm the important role
of KLHL25-mediated Th17 and iTreg differentiation in colitis alleviation.
Additionally, we employed an imiquimod (IMQ)-induced murine model of
psoriasis, another autoimmune disease closely associated with the aberrant
differentiation of Th17%. The results showed that, similar to the positive
control dexamethasone, SB204990 administration significantly ameliorated
the pathological alterations of psoriasis-like dermatitis compared to the
IMQ-alone group, as indicated by the skin pathological changes, scores of
skin erythema, thickness, scaling, psoriasis area and severity index (PASI)
score, and spleen size (Fig. S15a—f). Moreover, fewer Th17 and more Treg
were observed in the spleens of mice treated with SB204990 (Fig. S15g, h).
Taken together, these data revealed that the “KLHL25-ACLY” module may
be an important target for the treatment of various autoimmune diseases.

Discussion

The differentiation fate of ThO cells into the inflammation-suppressing
iTreg or the inflammation-promoting Th17 is primarily determined by the
specific cytokine environment®. Recent evidence also suggested that the
differentiation of iTreg and Thl17 is tightly associated with fatty acid
metabolism'>"”’. However, how fatty acid metabolism is programmed or
reprogrammed by different cytokine signaling, thereby impacting cell dif-
ferentiation, remains poorly understood. While our previous study
uncovered that TGFP1 promotes the differentiation of FAO-preferred
iTreg, relying on CUL3-KLHL25-mediated ubiquitination-dependent
degradation of ACLY", the present study further identified that KLHL25-
ACLY module functions as a switch in responses to TGFp1 and IL-6 sig-
naling, dictating the type of fatty acid metabolism and playing a decisive role
in the fate determination of iTreg/Th17 differentiation.

IL-6 is a classical proinflammatory cytokine that is rapidly produced
during infection and tissue injury, contributing to host defense by stimu-
lating acute phase responses, hematopoietic and immune responses™”.
Promotion of Th17 differentiation is one of the major pro-inflammatory
functions of IL-6. Regarding the underlying mechanism, it is well estab-
lished that IL-6 promotes the expression of the Thl17 lineage-specific
transcription factor Rorc by activating STAT3, STAT3 then enhances the
transcription and expression of Hifla, and subsequently, STAT3/HIF1a
complex promotes the transcriptional activation of Rorc. Ultimately,
STAT3/HIF1a/RORyt form a transcription factor complex with Smad2/3-
Trim33, leading to the upregulation of the proinflammatory cytokine IL-
17°*"". Interestingly, IL-6-induced HIFla also binds to the iTreg lineage-
specific transcription factor Foxp3, mediating its ubiquitination-dependent
degradation and inhibiting iTreg differentiation. Our previous study
documented that the level of ACLY significantly declines during iTreg
differentiation upon TGFp1 stimulation'. This reduction is due to CUL3-
KLHL25-mediated ACLY ubiquitination"”. Here, we unveiled that in
response to IL-6 signaling, CUL3-KLHL25-mediated ubiquitination-
dependent degradation of ACLY is suppressed, leading to a shift in fatty
acid metabolism from FAO to FAS, thereby promoting the differentiation of
ThO into Thl17. Evidently, rewriting the protein ubiquitination profile
constitutes a layer of control that IL-6 signaling employes to direct Th17
differentiation.

Importantly, the present study elucidated that the transcription reg-
ulation of KIhi25 is crucial for the stability of ACLY, thereby controlling the
fate of ThO differentiation in response to different cytokine contexts.
KLHL25 is a newly discovered scaffold protein, and by forming a complex
with the ubiquitin ligase CUL3, KLHL25 is responsible for recognizing and
binding substrates, thereby mediating their ubiquitination-dependent
degradation'®. This study demonstrated that the regulation of ACLY sta-
bility during iTreg/Th17 differentiation depends on the presence or absence
of the ubiquitin ligase adaptor protein KLHL25 under distinct cytokine
contexts. Notably, recent studies have revealed a significant correlation
between KLHL25 expression and the survival of patients with childhood
asthma, tick-borne encephalitis, and non-small-cell lung cancer’>”. Muta-
tions in KLHL25 are also likely involved in the development of thyroid
cancer”’. Given that immune balance, mediated by iTreg and Th17, plays a
critical role in the development of asthma, viral infection, and tumors®, the
present study may provide new insights into the role of KLHL25 in these
pathological processes, likely related to the imbalance of the differentiation
of Th17 and iTreg.

The present study unveiled that transcription factor NF-Y is crucial for
the transcription upregulation of KIhi25. NF-Y is a heterotrimeric complex
consisting of three different subunits: NF-YA, NF-YB, and NFY-C. NF-YB
and NF-YC form a stable heterodimer that interacts with the conserved
segment of NF-YA. Mediated by NE-YA, NF-Y binds to the CCAAT DNA
consensus sequence™. NF-Y regulates the expression of various cell type-
specific genes that are activated by different physiological signaling path-
ways and are essential for normal tissue homeostasis, survival, and meta-
bolic functions”. The roles of NF-Y in immune response have not been well
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Fig. 3 | KLHL25 overexpression inhibits IL-6-induced FAS and Th17 differ-
entiation. a, b KLHL25 overexpression reduces FAS and enhances FAO. Naive
CD4" T cells transfected with pMIG-KIhiI25 overexpression virus were cultured
under iTreg or Th17 polarization conditions in the presence of [U-"C] glucose
(11 mM) (a) or [U-"C] palmitate (100 uM) (b) for 48 h. Cells were collected and
subjected to metabolic flux analyses for FAS and FAO by ultra-high performance
liquid chromatography-high resolution mass spectrometry (UHPLC-HRMS) ana-
lysis. ¢ KLHL25 overexpression reverses the inhibitory role of IL-6 on FAO. Naive
CD4" T cells transfected with pMIG-KIhi25 overexpression virus were cultured
under iTreg of Th17 polarization conditions for 48 h. For oxygen consumption rate

(OCR) detection, cells were transferred to XF Base Medium containing palmitate
and L-carnitine. Diagram (left) illustrating the OCR at various conditions and
associated quantifications (right) are shown. d Overexpression of KLHL25 inhibits
Th17 differentiation. Cells cultured as described in the legend to (c) were treated with
(or without) malonyl-CoA (MCoA, 50 uM) for 72 h and then stained for CD4*IL-
17A"Th17 analysis by FAM (left) and quantification (right). For (a-d), data are
representative as mean + SD (n = 4 (a) or 3 (b-d) biologically independent samples)
with p values determined by one-way ANOVA test. For WB in (d), one repre-
sentative experiment out of three is represented.

understood. As a key factor for the expression of Tetl and Tet2, NF-Y
participates in the establishment of Treg-specific hypomethylation pattern
and the stability of Foxp3 expression™. In the present study, NF-YA was
revealed to interact with KIhi25 promoter and recruit JNK, leading to the
transcriptional upregulation of KIhi25 in response to TGFp1, subsequently
promoting the differentiation of iTreg. However, the addition of IL-6 acti-
vates ERK, which then phosphorylates NF-YA, weakening its binding to
DNA and resulting in the transcriptional suppression of Klhi25, thereby

shifting Tho differentiation toward Th17. Thus, our studies uncovered the
pivotal role of NF-Y in fate decision of iTreg/Th17 differentiation, providing
new insights into the role of NF-Y in immune response and relevant
diseases.

Conventionally, TGFp1 signaling activates the transcription factors
Smad2/Smad3, which promote the transcriptional activation of Foxp3, and
Foxp3 then plays a crucial role in the induction of iTreg differentiation®. On
the other hand, classical signaling downstream of IL-6 mainly involves JAK/
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STATS3, which participates in RORyt expression and subsequently Th17
differentiation™. In addition, non-canonical MAPK (ERK/JNK/p38) signal
pathways also affect iTreg/Th17 differentiation'®; however, the underlying
mechanisms are not well understood. The present study elucidated that
TGFp1-activated JNK interacts with the transcription factor NF-YA to

promote the transcription activation of Klhi25, leading to ubiquitination-
dependent ACLY degradation and ultimately inducing iTreg differentia-
tion. In contrast, IL-6-induced activation of ERK results in the phosphor-
ylation of NF-YA, reducing its DNA binding activity and thus reversing the
JNK-activated Klhi25 transcription. Then the ubiquitination-dependent
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Fig. 4 | TGFP1-activated-JNK promotes KIhi25 transcription to induce iTreg
differentiation. a, b JNK inhibition reduces the transcription and protein level of
Kihi25. Naive CD4" T cells cultured under iTreg polarization condition were treated
with specific inhibitors against Smad3, ERK, JNK, and p38 at the onset for 48 h.

a Klhi25 mRNA level was assessed by qPCR. b KLHL25 protein level was analyzed by
WB. ¢, d JNK inhibition attenuates the binding of CUL3-KLHL25 with ACLY and
ACLY ubiquitination. Naive CD4" T cells transfected with pMIG-KIhI25 over-
expression virus were cultured under iTreg polarization condition in the presence of
JNK inhibitor (10 uM) for 48 h. Cells were treated with MG132 (10 uM) for 6 h
before immunoprecipitated with antibodies against ACLY, and then the binding of
ACLY with CUL3-KLHL25 was assessed by WB (c), the ubiquitination of ACLY was
determined by WB (d). IgG serves as a negative control. e JNK inhibition suppresses
TGFp1-induced ACLY degradation. Naive CD4" T cells were transfected and

cultured as described in the legend to (c, d) before the analysis of ACLY protein level
by WB. (f, g) Impact of KLHL25 overexpression on CPT1 activity and iTreg dif-
ferentiation upon JNK inhibition. Cells were transfected and cultured as described in
the legend to (c, d) before analysis for CPT1 enzymatic activity assay by kit (f). Cells
transfected and cultured as described in the legend to (c, d) for 72 h were stained for
CD4" Foxp3" iTreg analyses by flow cytometry (FCM) (left) and quantified (right)
(g). h Impact of Acly knockdown on iTreg differentiation upon JNK inhibition.
Naive CD4" T cells transfected with Acly targeting siRNAs were cultured as
described in the legend to (g) and then stained for CD4"* Foxp3" iTreg analyses by
FCM (left) and quantified (right). For (a-h), data are representative as mean + SD
(n =3 biologically independent samples) with p values determined by one-way
ANOVA test. For WB in (b-h), one representative experiment out of three is
represented. The values indicate mean intensities based on three biological replicas.

ACLY degradation is halted, and the fatty acid anabolism gets sustained.
JNK and ERK are the classic members of the MAPK family involved in
multiple biological processes, such as cell proliferation, differentiation,
apoptosis, and tumorigenesis. Interestingly, they often play opposite roles in
these processes. For instance, JNK promotes the activation of FOXO3 by
phosphorylation at Ser574 in response to stress signals in tumor cells*’, while
ERK phosphorylates FOXO3 at Ser294, Ser344, and Ser425 to recruit the
MDM2 E3 ubiquitin ligase, leading to FOXO3 ubiquitination and protea-
somal degradation”’. Additionally, BAD is a pro-apoptotic BCL2 family
BH3-only protein that plays an essential role in promoting apoptosis and
neuron development. JNK catalyzes the phosphorylation of the BAD at
Ser128 to directly activate it, thereby promoting apoptosis*, whereas ERK-
activated RSK phosphorylates BAD at Ser112, inactivating it and thereby
inhibiting apoptosis*. The present study demonstrated that JNK and ERK
differentially regulate KIhI25 transcription and fatty acid metabolism, which
in turn plays a crucial role in the fate determination of ThO differentiation
into iTreg or Th17.

The imbalance between iTreg and Th17 is a key factor in a variety of
autoimmune diseases, such as IBD and psoriasis’. Our study revealed that
increasing the ubiquitination of ACLY through KLHL25 overexpression
significantly inhibits Th17 differentiation and alleviates T cell adoptive
transfer-induced IBD in mice. Meanwhile, administration of an ACLY
inhibitor significantly reduced the frequency of Th17 and increased that of
iTreg in mice, subsequently alleviating both IBD and psoriasis. Since the
regulation of iTreg and Th17 in human is more complicated than in
mice***, whether the growinglist of ACLY inhibitors also exerts a protective
effect in alleviating human IBD and other autoimmune diseases requires
further investigation, despite our study demonstrating the regulatory role of
ACLY inhibitors in human iTreg and Th17 differentiation in vitro.

Being used to treat immune diseases, ACLY inhibitor, hydroxycitrate
(HCA), Radicicol (RAD) and SB204990 are able to reduce the production of
pro-inflammatory cytokine prostaglandin E2 in macrophages, thereby
alleviating the inflammatory response*. ACLY inhibition by HCA reduced
the secretion of inflammatory cytokines IL-6 and IL-1p in TNFa-triggered
human hepatocytes and in macrophages from subjects with Metabolic
(Dysfunction)-Associated Steatohepatitis (MASH)*. ACLY-deficient CD4"
T cells exhibit an impaired capacity to induce intestinal inflammation in a
transfer colitis model compared to wild-type T cells*. Furthermore, ACLY
inhibitors have also been shown to lower blood glucose levels and trigly-
ceride levels in the liver in diabetic animal models®. Notably, BemA, a small
molecule that inhibits liver-specific ACLY, was approved by the U.S. Food
and Drug Administration (FDA) in 2020 for the control and treatment of
hypercholesterolemia®. Thus, our study, in conjunction with previous
studies, clarified that ACLY inhibitors may possess important pharmaco-
logical potential. Moreover, developing targeted delivery strategies for
ACLY inhibitors into CD4" T cells or specific tissues is of great importance,
as this approach could minimize the risk of toxicity and side effects in other
tissues.

Our previous and present studies pinpointed KLHL25-ACLY module
as a regulatory node that integrates TGFP1 and IL-6 signaling with iTreg/

Th17 differentiation, offering new insights into the modulation and main-
tenance of immune homeostasis. Moreover, ACLY inhibitors, which hold
important pharmaceutical potentials*®*>*, are of considerable interest for
immunotherapy targeting autoimmunity and unwanted inflammation,
warranting further investigation.

Materials and Methods

Animals

C57BL/6 (B6) and BALB/c mice were purchased from Beijing HFK
Bioscience Co., Ltd, China, and B6/Ragl ™'~ mice were purchased from
Jiangsu Gempharmatech Co., Ltd, China. Foxp3YFP and I117A%" mice
were provided by Bin Li (Shanghai Institute of Immunology, Shanghai
Jiao Tong University School of Medicine, Shanghai, China) and Zhinan
Yin (Guangdong Provincial Key Laboratory of Tumor Interventional
Diagnosis and Treatment, Zhuhai Institute of Translational Medicine,
Zhuhai People’s Hospital Affiliated with Jinan University, Jinan Uni-
versity, Zhuhai, China; The Biomedical Translational Research Institute,
Faculty of Medical Science, Jinan University, Zhuhai, China), respec-
tively. Mice were bred and cohoused 4-6 mice per cage, in a specific
pathogen-free facility with a standard 12 h alternate light/dark cycle at an
ambient temperature of 22 + 2 °C and 30-70% humidity as described
previously’ at the Animal Research Center of Northeast Normal Uni-
versity (Changchun, China). Health status of mice was determined via
daily observation by technicians supported by veterinary care. Humane
endpoint was established for monitoring mice, such that if there is a rapid
weight loss reaching 10-15% of their body weight, the mice will be
euthanized immediately to prevent them from suffering severe pain or
distress. We have complied with all relevant ethical regulations for ani-
mal use. All experiments involving mice were conducted in accordance
with the protocols for animal use, treatment, and euthanasia that were
approved by the Animal Care Committee of Northeast Normal Uni-
versity (Authorization number: 202302035).

Induction of mouse iTreg and Th17 in vitro

Naive CD4" T cells were isolated from the spleens of 6- to 8-week-old mice
using the MojoSort™ Mouse CD4" Naive T Cell Isolation Kit (480040,
Biolegend) according to the manufacture’s instruction. For Th0 induction,
2-3x10° naive CD4" T cells were stimulated with Dynabeads” Mouse
T-Activator CD3/CD28 (11453D, Gibco) at a cell:bead ratio of 1:1 and
cultured in RPMI 1640 medium (R66504, Sigma-Aldrich) supplemented
with 10% FBS (04-001-01, Biological Industries), penicillin-streptomycin
(500 U, P06-07100, PAN biotech), -mercaptoethanol (50 uM, M6250,
Sigma-Aldrich), anti-IFNy (10 pg/ml) and anti-IL-4 (10 ug/ml) as previous
described with minor modifications'”. To obtain iTreg, thTGFf1 (2 ng/ml,
Peprotech) was simultaneously added along with the reagents used for
inducing ThO cells"*"’. To obtain Th17, thTGFf1 (2 ng/ml, Peprotech) and
IL-6 (20 ng/ml, Peprotech) were simultaneously added along with the
reagents used for inducing ThO cells as described previously’” Based on
different experimental designs, cells were kept in medium containing the
following regents. ACLY inhibitor: SB204990 (154566-12-8, Tocris
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Bioscience); ACC inhibitor: PF05175157 (TOCRIS, 5709); Proteasome
inhibitor: MG132 (52619, Selleck); ERK inhibitor: U0126 (tlrl-u0126,
InvivoGen); JNK inhibitor: SP600125 (Selleck, S1460); p38 inhibitor:
SB203580 (tlrl-sb20, InvivoGen); Smad3 inhibitor: SIS3 HCI (57959, Sell-
eck); STAT3 inhibitor: S31-201(S1155, Selleck).

To obtain pure iTreg or Th17, naive CD4" T cells were isolated from
spleen of Foxp3™ mice or I117A°" mice, followed by cultured under iTreg
or Th17 polarization conditions, as shown above, for 3 days. The pure iTreg

(YFP*) or Th17 (GFP") were harvested by flow cytometry for subsequent
experiments.
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Fig. 5 | NF-YA mediates the binding of JNK to KIhI25 promoter in response to
TGFp1 stimulation. a JNK inhibition reduces the promoter activity of KIhI25.
HEK293T cells were transfected with pGL 4.0-KIhi25 and cultured in the presence of
JNK inhibitor and (or) TGFp1 before dual luciferase reporter assay. b JNK associates
with KIhi25 promoter. Naive CD4" T cells were cultured under iTreg or Th17
polarization conditions in the presence (or absence) of JNK inhibitor for 48 h and
subsequently subjected to ChIP analysis for JNK binding on KIhi25. IgG serves as a
negative control. ¢ JNK inhibition reduces the H3S10 phosphorylation on Kihi25
promoter. Cells polarized as described in the legend to (b) and subjected to ChIP
analysis for H3S10 phosphorylation on KIhi25 promoter. IgG serves as a negative
control. d Inhibition of JNK reduces the interaction of JNK with NF-YA. Cells were
cultured as described in the legend to (b). Cell extract was immunoprecipitated with
antibodies against JNK (left) and NF-YA (right) followed by WB measurement. IgG
serves as a negative control. e NF-YA and JNK co-localizes on KIhI25 promoter. Cells
were cultured as described in the legend to (b) and subjected to re-ChIP analysis for

the co-localization of NF-YA and JNK on KIhi25 promoter. IgG serves as a negative
control. f Inhibition of JNK scarcely changes the binding of NF-YA to KIhiI25 pro-
moter. Cells were cultured as described in the legend to (b) and subjected to ChIP
analysis for NF-YA association with KIh25 promoter. IgG serves as a negative
control. g Knockdown of Nfya attenuates the association of JNK with KIhi25 pro-
moter. Naive CD4" T cells were electrotransfected with siRNAs against Nfya and
cultured as described in the legend to (b). Cells were then subjected to ChIP analysis
for JNK binding on Klhi25. IgG serves as a negative control. h Knockdown of Nfya
reduces KIhi25 transcription. Cells were cultured as described in the legend to (g) and
KIhi25 mRNA level was detected by gPCR. For (a-h), data are representative as
mean + SD (n = 3 biologically independent samples) with p values determined by
one-way ANOVA test (a, d, h) or two-way ANOVA test (b, ¢, e-g). For WBin (d, h),
one representative experiment out of three is represented. The values indicate mean
intensities based on three biological replicas.

Induction of human iTreg and Th17 in vitro

Human peripheral blood samples were collected from the Jilin Blood Center
(Changchun, China). All procedures involving human blood samples
received approval from the local ethics committee (The ethical committee of
the Northeast Normal University) (Authorization number: 202302035),
and informed consent was obtained from all participants. After performing
a Ficoll (Sigma Aldrich) gradient, naive CD4 ™ T cells were isolated using the
MojoSort™ Human CD4* Naive T Cell Isolation Kit (480042, BioLegend) in
accordance with the manufacturer’s instructions™. For ThO induction,
2-3x 10° naive CD4" T cells were stimulated with Dynabeads® human
T-Activator CD3/CD28 (11132D, Gibco) at a cell:bead ratio of 1:1 and
cultured in RPMI 1640 medium (Sigma) supplemented with 10% FBS
(Biological Industries), penicillin-streptomycin (500 U, PAN biotech), p-
mercaptoethanol (50 uM, Sigma-Aldrich), anti-IFNy (10 pg/ml) and anti-
IL-4 (10 pg/ml) as previous described with minor modifications'. To obtain
iTreg, thTGFp1 (2 ng/ml, Peprotech) was simultaneously added along with
the reagents used for inducing ThO cells as previous described with minor
modifications'”. To obtain Th17, thTGFp1 (2 ng/ml, Peprotech) and IL-6
(20 ng/ml, Peprotech) were simultaneously added along with the reagents
used for inducing ThO cells as previous described with minor
modifications™.

Flow cytometry analysis

Cells were collected in PBS containing 1% FBS (v/v) and subse-
quently fixed and permeabilized using the Transcription Factor
Buffer Set (562574, BD Biosciences) following the manufacturer’s
instruction. For the analysis of mouse iTreg and Thl7, selected
protein markers were stained with FITC rat anti-mouse CD4
(553046), PE rat anti-mouse IL-17A (561020), and Alexa Fluor 647
rat anti-mouse Foxp3 (560401) monoclonal antibodies (BD
Biosciences)'>*. For the analysis of human Th17, protein markers
were stained with FITC rat anti-human CD4 (357406) and PE mouse
anti-human IL-17A (560438) monoclonal antibodies (Biolegend)™.
Flow cytometry analysis was carried out with BD FACS Canto II flow
cytometer (BD Biosciences, San Jose, USA), and acquired data were
analyzed using FlowJo, version 10, software (FlowJo) as described
previously”'. For gating, we used FSC (forward scatter) and SSC (side
scatter) for gating to find viable, single cell events. Then, two para-
meter FITC and APC were examined for analysis of iTreg; and FITC
and PE were examined for analysis of Th17.

Quantitative real-time PCR

Total RNA was isolated using the TRIzol reagent (15596-018, Invitrogen).
Following this, cDNA was synthesized with the PrimeScript™ RT reagent Kit
plus gDNA Eraser (RR047A, Takara) according to manufacturer’s
instruction. Real-time PCR was performed on the QuantStudio 3 Real-Time
PCR Instrument (Applied Biosystems) with a TB Green® Premix Ex Taq™
(Tli RNaseH Plus) regent (RR420A, Takara). The mRNA expression levels
of the target genes were normalized to the expression levels of the -actin

gene. Data analysis was performed using the comparative cycling threshold
method as previously described’. Quantitative PCR primers were as fol-
lows: Acly-F:  AAGAAGGAGGGGAAGCTGAT, Acy-R: TCGCA
TGTCTGGGTTGTTTA; Klhi25-F: TCAGTCAGTGTTCACGAGACC,
KIhi25-R: GCCTCAAAGTATCGGCTGGAG; Cul3-F: AGCCGGAAGGA
CACCAAGA, Cul3-R: GCTCCTCAAAACTAAGACCACTG; 3-Actin-F:
GGCTGTATTCCCCTCCATCG; p-Actin-R: GGCTGTATTCCCCTCC
ATCG.

siRNA transfection

All siRNA transfections were performed with mouse primary T cell
nucleofection kit (VPA1006, Lonza) following the instructions using X-001
program as described previously”. Cells were transiently transfected with
siRNA (siRNAs against ACLY, KLHL25, NF-YA were commercially syn-
thesized, Shanghai GenePharma) at a final concentration of 20 nM. Then,
cells were rested in RPMI-1640 (with 10%FBS) for 4-5h followed by
incubation under different conditions (iTreg or Th17) for a desired period of
time. siRNA sequences were as follows: Acly siRNA-F: GCAAAGAACU
CCUGUACAATT, Acly siRNA-R: UUGUACAGGAGUUCUUUGCTT;
KIhi25 siRNA-F: CCGAGAUAUGGUGUCCAAATT, Klhi25 siRNA-R:
UUUGGACACCAUAUCUCGGTT; Nfya siRNA-F: CCAGCAGAUC
AUCAUCCAATT, Nfya siRNA-R: UUGGAUGAUGAUCUGCUGGTT;
Negative control siRNA-F: UUCUCCGAACGUGUCACGUTT, Negative
control siRNA-R: ACGUGACACGUUCGGAGAATT.

Plasmid construction

DNA sequences coding mouse Klhi25 gene (NCBI Accession No.
NM_029652.1) and Acly gene (NCBI Accession No. NM_001199296.1)
from mouse CD4" T cells were amplified by PCR and subsequently cloned
into pMSCV-IRES-GFP II (pMIG) vectors to construct recombinant
PMIG-KIhI25, pMIG-Acly plasmids. The promoter DNA sequences of
mouse KIhi25 gene (NCBI Accession Gene ID: 207952) was amplified by
PCR and subsequently cloned into pGL 4.2 vectors to construct recombi-
nant pGL 4.2-KIhi25 plasmid. The pMSCV-IRES-GFP II, pGL 4.2 and pCL-
Eco vectors were purchased from addgene.

Retrovirus transduction of CD4" T cells

Platinum-E cells, free of mycoplasma contamination, were cultured in
10-cm cell-culture dishes until they reached 70% confluence. Subse-
quently, the cells were transfected with pMIG-KIhi25 or pMIG-Acly
plasmids. The supernatant was collected at 48, 72, and 96 h after trans-
fection and was concentrated 100-fold in an ultracentrifuge. Aliquots
were stored at —80 °C. Naive CD4" T cells were cultured under Tho-
inducing condition as described above for 16-24h and were spin-
infected twice with retrovirus supernatants in the presence of 8 ug/mL
polybrene (H8761, Solarbio) at 1000 x g, 90 min at 32 °C as described
previously™. After 24 h of infection, supernatants were removed and cells
were selectively cultured under either iTreg- or Th17-inducing condition
for a desired period of time.
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Assessment of ACLY enzyme activity

Cells were lysed using ultrasonic treatment in extracting buffer from the
ACLY activity assay kit (ACLY-1-Y, Suzhou Comin). Supernatants were
collected and used for the analysis of enzymatic activities following the
manufacturer’s instructions as described previously'.

Immunoprecipitation and western blotting

Cells were lysed in cold western blot-immunoprecipitation (WB-IP) lysis
buffer for 30 min and centrifuged (at 4 °C, 5 min at 14,000 x g) to remove
cell debris. The supernatant was collected as whole cell lysate. ACLY, Ubi-
quitin (Ub), CUL3, NF-YA, ERK and JNK were immunoprecipitated from
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Fig. 6 | IL-6-induced ERK activation abolishes NF-YA binding to KIhiI25 pro-
moter. a IL-6 inhibits the transcriptional activity of KIhl25 promoter. HEK293T cells
were transfected with pGL 4.0-KIhi25 and treated with IL-6 and (or) TGFp1 before
dual luciferase reporter assay. b IL-6 attenuates JNK association with KIhI25 pro-
moter. Naive CD4" T cells were cultured under iTreg or Th17 polarization condi-
tions for 48 h and subsequently subjected to ChIP analysis for JNK binding on
Klhi25. IgG serves as a negative control. ¢ IL-6 reduces the H3S10 phosphorylation
on Kilhi25 promoter. Cells were cultured as described in the legend to (b) and
subsequently subjected to ChIP analysis for H3S10 phosphorylation on KIhi25
promoter. IgG serves as a negative control. d IL-6 attenuates the association of NF-
YA with KIhi25 promoter. Cells cultured as described in the legend to (b) were
subjected to ChIP analysis for the binding of NF-YA on KIhi25 promoter. IgG serves
as a negative control. e, f IL-6 enhances the binding of ERK with NF-YA and the
phosphorylation of NF-YA. Cells cultured as described in the legend to (b) were
treated with (or without) ERK inhibitor (15 uM). Cell extracts were immunopre-
cipitated with antibodies against NF-YA (e) or ERK (f) for WB analysis using

indicated antibodies. IgG serves as a negative control. g ERK inhibition abolishes the
inhibitory effect of IL-6 on the association of NF-YA on KIhi25 promoter. Cells were
cultured as described in the legend to (f) and subsequently subjected to ChIP analysis
for NF-YA binding on KIhI25 promoter. IgG serves as a negative control. h IL-6-
triggered-ERK inhibits the binding of NF-YA to KIhi25 promoter in vitro. Cells
cultured as described in the legend to (f) were lysed and nuclear extracts were
harvested. Subsequently, the nuclear extracts were incubated with 100 fmol Cy5-
labeled DNA oligos (WT, or with a mutation of NF-YA binding site) from KIhi25
promoter for 10 min on ice (total volume is 10 pL). Also, the non-labeled DNA oligos
from KIhi25 promoter (10 pmol), called cold probes, was used. Retardation of
protein/DNA complex was analyzed by EMSA. For (a-h), data are representative as
mean * SD (n = 3 biologically independent samples) with p values determined by
one-way ANOVA test (a, e, f) or two-way ANOVA test (b-d, g, h). For WB in (e, f)
and EMSA (h), one representative experiment out of three is represented. The values
indicate mean intensities based on three biological replicas.

the whole cell lysates using anti-ACLY (ab40793, abcam), anti-Ubiquitin
(ab7780, abcam), anti-CUL3 (sc-166110, Santa), anti-NF-YA (sc-17753,
Santa), anti-ERK (4695S, CST) and anti-JNK (9252, CST) antibodies cou-
pled to Protein A/G Magnetic Beads (B23202, Selleck) overnight at 4 °C.
Nonspecific rabbit or mouse IgG antibody was used as a negative control.
Immunoprecipitated proteins were mixed with 1xloading buffer and boiled
at 100 °C for 10 min followed by western blotting as described previously™.
For western blotting, protein samples were separated using sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and subsequently
transferred to polyvinylidene fluoride (PVDF) membranes (Millipore). The
membranes were blocked with 5% nonfat milk for 1 h at room temperature
before being incubated with primary antibodies overnight at 4 °C. Following
this, Mouse- or rabbit-conjugated HRP second antibodies were added to the
membranes for 50 min at room temperature, followed by washed 3 times
with 1xTris-buffered saline with Tween 20 (TBST) and visualized using
Chemiluminescent HRP Substrate (Millipore) on Chemiluminescence
Image System (Tanon Science & Technology Co., Ltd). The intensity of the
bands was quantified using Image] software. The antibodies for WB were
anti-ACLY, anti-Ubiquitin, anti-CUL3, anti-NF-YA, anti-ERK, anti-JNK,
anti-ERK-P (9101S, CST), anti-Smad3-P (9520S, CST), anti-INK-P (4668,
CST), anti-p38 (9212S, CST), anti-p38-p (9211S, CST), and anti-actin
(HC201, TransGen).

Sequential ChIP assays

ChIP assays were performed as described previously with slight
modifications’”. Briefly, T cells were cross-linked with formaldehyde (final
concentration, 1%) for 10 min and treated with glycine for 5 min at room
temperature to terminate the cross-linking reaction. The cells were then
washed with ice-cold PBS, and the nuclear pellet was extracted with
Chromatin IP Kit (Cell signaling technology, US, #9003), following the
manufacturer’s instructions. After sonication with Bioruptor (UCD-300,
Diagenode), which was set to ‘high mode,” samples were centrifuged at
9400 g(10 min, 4 °C). Supernatant was immunoprecipitated using anti-JNK
(9252, CST), anti-H3S10-P (53348S, CST), or anti-NF-YA (sc-17753, Santa)
antibodies overnight and with isotype IgG as a negative control. ChIP-Grade
Protein G Magnetic Beads were added into the mixture and incubated for
2h at 4 °C with rotation. After washing, DNA and proteins bound to beads
were eluted in ChIP Elution Buffer. During reversing cross-links at 65 °C,
proteins were digested with proteinase K for 2 h. The resulting DNAs were
purified and eluted in distilled water followed by RT-qPCR analysis. The
primer sequences were as follows: KIhi25 pro-F (—1100, —850): GCTCA
CCTGTGAGGGATTTT, KIhi25 pro-R (—1100, —850): GGATATG
GGGGACTTTTGGT; Kihi25 pro-F (-850, -600): TTTGCTCTTTGT
CTGCCCTTA, KIhi25 pro-R (—850, —600): GTAGCCCAACAAT
GGCTGTG; Kihi25 pro-F (=600, —350): TCAGTTTTGTACCGCTGAG
AG, KIhi25 pro-R (—600, —350): TAGTTTCGATGCGAGGGAAT; KIhi25
pro-F (=350, —100): AACGGCTGTGATTCGGTAAC, Klhi25 pro-R
(—350, —100): CCGTAATACAGTCGCGTGAG.

For sequential ChIP analysis, chromatin-bound material was treated
with ChIP elution buffer containing 10 mM DTT for 30 min at 37 °C after
the first immunoprecipitation. Subsequently, samples were adjusted in Re-
ChIP buffer (20 mM Tris-HCI pH 8.0, 150 mM NaCl, 2mM EDTA, 1%
Triton). The second immunoprecipitation was performed overnight at 4 °C,
and DNA was purified as described above™.

8C-tracing assessment

PC-tracing assessments were performed as described previously with slight
modifications. In brief, cell cultures grown in media supplemented with
either [U-13C] glucose (10 mM) or [U-13C] palmitate (100 uM) were
homogenized using a combination of 10 mL formate and 800 mL chloro-
form. The mixture underwent four rounds of ultrasonication (1 min each)
with 1 min cooling intervals in an ice-water bath, followed by equilibration
at room temperature for 30 min. Subsequent centrifugation (3000 x g,
15 min) separated the phases. The chloroform layer was transferred to a
clean glass vial and combined with 500 mL of 75% ethanol containing 0.5 M
KOH, followed by incubation at 80 °C for 60 min. Hexane (600 mL) was
then introduced, and the solution was vortexed vigorously for 1 min before
phase separation during a 30 min rest period. After repeating centrifugation
(3000 x g, 15 min), the hexane phase was evaporated to complete dryness.
The dried material was derivatized by sequential addition of 10 mL
1-hydroxybenzotriazole (HoBt in DMSO), 20 mL cholamine (in DMSO
with 200 mM TEA), and 10 mL HATU (in DMSO), with a 5 min room-
temperature reaction. Prior to UHPLC-HRMS analysis, 60 mL acetonitrile
was incorporated, and the samples were centrifuged (3000 x g, 15 min, 4 °C)
to ensure clarity.

The UHPLC-MS/MS analysis was conducted using an Agilent 1290
Infinity II UHPLC system linked to a 6470 A Triple Quadrupole mass
spectrometer (Santa Clara, CA, USA). The samples were injected onto a
Waters UPLC BEH C18 column (100 mm X 2.1 mm, 1.7 um) with a flow
rate of 0.3 ml/min. The mobile phase consisted of water (phase A) and
acetonitrile (phase B), both containing 0.1% formate. A gradient elution was
used for chromatographic separation with the following conditions: 0 min,
10% B; 4 min, 40% B; 8 min, 45% B; 11 min, 50% B; 14 min, 70% B; 15 min,
90% B; 15.5 min, 100% B; 18 min, 100% B; 18.1 min, 10% B; 20 min, 10% B.
The column was maintained at 40 °C. Data were processed using Agilent
MassHunter Workstation Software (version B.08.00), applying the default
parameters and conducting manual checks to ensure the accuracy of qua-
litative and quantitative results for each compound. The peak areas of the
target compounds were integrated and subsequently subjected to Iso-
Correction analysis.

Extracellular flux analysis

For the FAO-associated oxygen consumption rate (OCR) assay by
Seahorse XFp Analyzer (Agilent), Palmitate-BSA reagent (Agilent)
and Mito Stress Test Kits (Agilent) were used following the manu-
facturers’ instructions with minor modifications®’. In brief, cells were
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harvested and seeded onto poly-D-lysine-coated XFp plates (4 to
6x10° cells per well) by centrifugation in serum-free XF Base
Medium (Agilent). For the palmitate oxidation assay, cells were
incubated in XF Base Medium (Agilent) in a non-CO, incubator for
15-20min at 37°C. Then, XF Palmitate-BSA FAO Substrates

(Agilent) consisting of palmitate-BSA (167 mM palmitate conjugated
with 28 mM BSA) and 0.5mM L-carnitine (Sigma Aldrich) were
added to the medium to assess the OCR. Immediately following, an
XF Cell Mito Stress Test was conducted using a Seahorse XFp
Analyzer (Agilent), where various mitochondrial function
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Fig. 7 | Inhibition of NF-YA by IL-6-activated ERK accounts for the reduction of
ACLY ubiquitination and then Th17 differentiation. a IL-6-triggered-ERK
reduces the transcriptional activity of KIhi25 promoter. HEK293T cells were
transfected with pGL 4.0-KIhI25 and treated with IL-6 and (or) TGFp1 in the pre-
sence (or absence) of ERK inhibitor (15 uM) before dual luciferase reporter assay. b,
¢ ERK but not STAT3 inhibition rescues KIhi25 mRNA and protein level. Naive
CD4" T cells were cultured under iTreg or Th17 polarization conditions for 48 h in
the presence (or absence) of ERK inhibitor and STAT3 inhibitor (10 uM). The
mRNA level of KIhi25 was assayed by qPCR (b) and the protein level was detected by
WB (c). d IL-6-triggered-ERK inhibits the association of ACLY with CUL3-KLHL25
during human Th17 differentiation. Naive CD4" T cells isolated from human per-
ipheral blood were cultured under iTreg or Th17 polarization conditions for 48 h in
the presence (or absence) of ERK inhibitor. Cells were immunoprecipitated with
antibodies against ACLY for WB analysis. IgG serves as a negative control. e,
Knockdown of Nfya abolishes the effect of ERK inhibition on the transcription and
expression of KIhi25. Naive CD4" T cells transfected with Nfya targeting siRNAs
were cultured under iTreg or Th17 polarization conditions in the presence (or
absence) of ERK inhibitor and subsequently subjected to qPCR (e) or WB (f) ana-
lysis. g Knockdown of Nfya abolishes the effect of ERK inhibition on ACLY

ubiquitination. Cells transfected and cultured as described in the legend to (e, f) were
treated with MG132 before immunoprecipitated with antibodies against ACLY (g)
or Ub (h) for WB analysis. IgG serves as a negative control. h, i Knockdown of Nfya
abolishes the effect of ERK inhibition on FAO and Th17 differentiation. h Cells were
cultured as described in the legend to (e, f). For oxygen consumption rate (OCR)
detection, cells were transferred to XF Base Medium containing palmitate and
L-carnitine. Diagram (up) illustrating the OCR at various conditions and associated
quantifications (down) are shown. i Cells cultured as described in the legend to (e, f)
for 72 h were analyzed by flow cytometry (FCM) for the differentiation of CD4 " IL-
17A*Th17 (left) and quantified (right). j Knockdown of KIhi25 abolishes the effect of
ERK inhibition on Th17 differentiation. Naive CD4" T cells transfected with KIhi25
targeting siRNAs were cultured under iTreg or Th17 polarization conditions in the
presence (or absence) of ERK inhibitor and subsequently analyzed by FCM for the
differentiation of CD4" IL-17A*Th17 (left) and quantified (right). For (a-j), data are
representative as mean + SD (n = 3 biologically independent samples) with p values
determined by one-way ANOVA test. For WB in (¢, d, f, g), one representative
experiment out of three is represented. The values indicate mean intensities based on
three biological replicas.

modulators were added sequentially, including 1 mM oligomycin
(Oligo) (Agilent), 1.5 mM FCCP (Agilent), and 100 nM rotenone plus
1 mM antimycin A (Rot/Ant A) (Agilent). Data were processed with
Wave software version 2.3.0 (Agilent) and analyzed using appropriate
statistical methods with GraphPad Prism version 6 (GraphPad
Software).

Luciferase reporter gene assay

To assess the activity of the KIh25 promoter, HEK293T cells were plated in
6-well plates at a density of 1 x 10° cells per well. The pGL 4.2 or pGL 4.2-
KIhi25 promoter reporter plasmids were transiently transfected into the cells
along with a Renilla control plasmid. After approximately 6 h, the trans-
fected cells were treated with ERK or JNK inhibitors, in the presence of
TGEFp1 and/or IL-6, for 12 h before being harvested. Cell lysates were then
analyzed using the Dual-Luciferase® Reporter Assay System (E1910, Pro-
mega) as previously described™. The relative luciferase activity of the KIhi25
promoter was normalized to the luciferase activity of the Renilla control
plasmid.

Electrophoretic mobility shift assay

The EMSA was performed as described previously with slight
modifications™. In brief, nuclear extracts (1 pug) were mixed with 100 fmol of
Cy5-labeled oligonucleotide probe containing the NF-YA binding site or a
Cy5-labeled mutant oligonucleotide probe in a binding buffer (20 mM
HEPES (pH 7.6), 1.5 mM MgCl,, 10mM KCl, 1mM EDTA, 1 mM
dithiothreitol, 1 mg/ml BSA) along with 1 pg of poly(dI-dC), making a total
volume of 10 pl. In some experiments, a non-labeled oligonucleotide probe
containing the NF-YA binding site was added to the reaction mixture. After
a 10-min incubation on ice, the entire reaction was loaded onto a 6% non-
denaturing polyacrylamide-Tris-borate-EDTA (TBE) gel and electro-
phoresed at 100 V for 1.5 h at 4 °C. The sequence information of the probe
was as follows: Cy5-KIhi25 pro: AGCTCATTTACATTTCCAATGCTAT
ACCAA; CP-KIhi25 pro: TTGGTATAGCATTGGAAATGTAAAT
GAGCT; Cold probe-Kihi25 pro: AGCTCATTTACATTTCCAATGCTAT
ACCAA; Cy5-KiIhi25 pro (Nfya-mut): AGCTCATTTACATTTAACTG
GCTATACCAA; CP-KIhi25 pro (Nfya-mut): TTGGTATAGCCAGTT
AAATGTAAATGAGCT.

Mouse model of colitis

T-cell transfer colitis based on adoptive transfer of naive CD4" T cells into
Ragl™"~ mice is widely used for studying chronic intestinal inflammation®.
To validate the role of “KLHL25-ACLY” axis in regulating the differentia-
tion of iTreg and Th17, and thus impacting IBD, same-sex Ragl "~ mice
aged 6 to 8 weeks were randomly divided into different groups, Ctrl, Tho,
iTreg, Th17, Th17 (KLHL25) or Th17 (SB204990), with four mice each
group. Sample size was based on previous studies”. As described previously,

5x 10° freshly isolated naive CD4" T cells were administrated into 6- to
8-wk old Ragl™~ mice by intraperitoneal injection to induce colitis. We
induced the differentiation of iTreg and Th17 in vitro with/without the
infection of KLHL25 overexpression virus or the incubation of ACLY
inhibitor SB204990, to obtained Tho, iTreg, Th17, Th17 (KLHL25%) or
Th17 (SB204990) cells. Cells from differently-treated groups had distinct
percentages of Th17/iTreg, and 5 x 10° of these cells were then respectively
injected into Ragl™'~ mice along with naive CD4" T cells. Meanwhile,
Ragl™"" mice of blank control group were administrated with PBS. More-
over, the function of “KLHL25-ACLY” axis in acute colitis was also assessed
in dextran sodium sulfate (DSS)-induced colitis model. Same-sex C57BL/6]
mice aged 6 to 8 weeks were randomly divided into 3 groups, Ctrl, 2% DSS,
2% DSS + SB204990, with four mice each group. DSS (0216011080, MP
Biomedicals) dissolved in drinking water (2%, w/v) was given ad libitum to
mice for 7 days. Mice supplied with regular drinking water were included as
negative control. ACLY inhibitor, SB204990, (37.5 mg/kg/d) (154566-12-8,
Tocris Bioscience) was administrated orally every two days. To minimize
potential confounders, administer the medication at fixed times each time,
and each group should follow a fixed order of administration.

Evaluation of colitis in mice

To assess the severity of colitis, disease activity index (DAI) was weekly (T-
cell transfer colitis) or daily (DSS-induced colitis) recorded by scoring the
body weight loss, stool consistency and blood in the stool as described in the
literature® . 7 weeks later (T-cell transfer colitis) or 7 days later (DSS-
induced colitis) mice were euthanatized to assess histopathological changes
in colon tissues. The whole colon was collected, and its length was measured.
After cleaning with saline and fixation in formalin, the colon tissues were
embedded in paraffin. The tissue sections (3 pm) were stained with hema-
toxylin and eosin (H&E) and then analyzed blindly for intestinal inflam-
mation, following the previously described method***. In addition, the
mononuclear cells from colon lamina propria (cLP) and mesenteric lymph
nodes (MLNSs) were prepared as described previously™ for the analysis of
Treg or Th17 by flow cytometry. The experimental process adheres to the
principle of blinding; individuals involved in group allocation are prohibited
from participating in the conduction of the experiment, outcome assess-
ment, and data analysis.

Imiquimod (IMQ)-induced psoriasis mouse model

Same-sex BALB/c mice aged 6 to 8 weeks were randomly divided into 5
groups, Ctrl, IMQ, IMQ+Dex, IMQ + DMSO, IMQ + SB204990, with 4
mice each group. Sample size was based on previous studies*’. Mice were
depilated on the back skin 2 days prior to treatment and subsequently
treated daily with either Aldara (containing 5% IMQ, purchased from
MED*SHINE) or sham cream on the back skin for consecutive 7 days as
described previously®’. SB204990 or DMSO, which were dissolved in
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Fig. 8 | Overexpression of KLHL25 inhibits Th17 differentiation and attenuates
mice IBD. a Experimental design. b—g Systematic evaluation of colitis in mice
adoptively transferred with different cells. Body weight (b) and disease activity index
(DAI) score (c) based on body weight loss, stool consistency, and blood in the stool
were recorded weekly. 7 weeks later, entire colons from mice treated in different ways
were removed for length assessment (d) and hematoxylin and eosin (H and E)

staining, which is used for revealing histopathological changes (e). Scale bar,

200 mm. One representative experiment out of four biological replicas is repre-
sented. Treg (f) and Th17 (g) frequency in the lamina propria of colon (cLP) were
analyzed by flow cytometry. For (b-g), data are representative of three independent
experiments. Graphs represent the mean + SD (n = 4 mice) with p values determined
by two-way ANOVA test (b, ¢) or one-way ANOVA test (d, f, g).
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vaseline, were spread on the skin twice a day. Dexamethasone as the positive
control. To minimize potential confounders, administer the medication at
fixed times each time, and each group should follow a fixed order of
administration. Disease severity was evaluated using a scoring system that
considered scaling, erythema, and skin thickness, akin to the human
Psoriasis Area and Severity Index. However, this assessment did not account
for the area affected, as it is determined by the experimenter. A cumulative
score was derived from the three parameters mentioned. Erythema and
scaling were rated on a scale from 0 to 4, where 0 indicated no severity and 4
represented high severity. Skin thickness was scored based on the increase in
thickness compared to day 1, with scores assigned as follows: 1 for 20-40%, 2
for 40-60%, 3 for 60-80% and 4 for >80%. The experimental process
adhered to the principle of blinding; individuals involved in group allocation
were prohibited from participating in the execution of the experiment,
outcome assessment, and data analysis.

Statistics and reproducibility

All experiments were done at least three times independently confirming
consistent results. The number used for each experiment is shown in figure
legend. Animals and cells were randomized before treatments and no data
was deliberately excluded from the analysis. Statistical analysis was per-
formed using GraphPad Prism version 8 (GraphPad Software). Data are
displayed as mean + standard (SD). The p values were calculated from
Student unpaired t test when comparing within two groups. One-way or
two-way ANOVA were performed in the indicated figures when more than
two groups were compared as described previously’. p < 0.05 were con-
sidered significant. Exact p values were indicated on graphs.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

Raw data for blots and quantification were uploaded in Figshare
(https://doi.org/10.6084/m9.figshare.28451552; https://figshare.com/
s/3d3cle4a5a0b42f6677d). Plasmids were uploaded in Addgene
(ID:234866, 234871). All data generated or analyzed during this study
are available from the lead contact on reasonable request.
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