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HERC6 regulates STING activity in a sex-biased
manner through modulation

of LATS2/VGLL3 Hippo signaling

Ranjitha Uppala,’? Mrinal K. Sarkar,? Kelly Z. Young,? Feiyang Ma,? Pritika Vemulapalli,” Rachael Wasikowski,”
Olesya Plazyo,? William R. Swindell,® Emanual Maverakis,* Mehrnaz Gharaee-Kermani,?> Allison C. Billi,?
Lam C. Tsoi,? J. Michelle Kahlenberg,>¢ and Johann E. Gudjonsson?->¢.7.*

SUMMARY

Interferon (IFN) activity exhibits a gender bias in human skin, skewed toward females. We show that
HERCS6, an IFN-induced E3 ubiquitin ligase, is induced in human keratinocytes through the epidermal
type | IFN; IFN-k. HERC6 knockdown in human keratinocytes results in enhanced induction of inter-
feron-stimulated genes (ISGs) upon treatment with a double-stranded (ds) DNA STING activator cGAMP
but not in response to the RNA-sensing TLR3 agonist. Keratinocytes lacking HERC6 exhibit sustained
STING-TBK1 signaling following cGAMP stimulation through modulation of LATS2 and TBK1 activity, un-
masking more robust ISG responses in female keratinocytes. This enhanced female-biased immune
response with loss of HERC6 depends on VGLL3, a regulator of type | IFN signature. These data identify
HERCS as a previously unrecognized negative regulator of ISG expression specific to dsDNA sensing and
establish it as a regulator of female-biased immune responses through modulation of STING signaling.

INTRODUCTION

Females have heightened type | interferon (IFN) activity compared to males. Hyperactive IFN responses are a characteristic feature of systemic
lupus erythematosus (SLE), leading to aberrant innate and adaptive immune activation that often precedes the clinical manifestation of the
disease." Clinically, SLE predominantly affects women, with women outnumbering men 9:1.? However, the cause of this sex discrepancy is
inadequately explained by environmental factors or sex hormones.? Although there is a shared pattern of increased type | IFN activity and
sex bias observed in multiple autoimmune diseases, the relationship between the two remains unclear.?

The role of the skin is well established to play a key role in SLE pathogenesis. Skin manifestations are common in SLE,” and the skin is a
frequent trigger of SLE flares, particularly following exposure to UV irradiation.” We have recently demonstrated that photosensitivity in SLE is
closely linked to interferon kappa (IFN-k), a type | IFN derived from keratinocytes.” A critical regulator of IFN-k expression in keratinocytes
depends on the activity of the cyclic GMP-AMP synthase (cGAS)—stimulator of interferon genes (STING) pathway,® a sensor of foreign
DNA.” Cytosolic DNA sensing by STING has been shown to occur in lupus keratinocytes.® Through phosphorylation of TANK-binding kinase
1 (TBK1) and interferon regulatory factor 3 (IRF3),”'" it leads to the induction of interferon-stimulated genes (ISGs) expression that is
prominent in lupus keratinocytes and has been shown to correlate with disease severity.'' Many of these ISGs encode proteins with antiviral

properties,'*"'® with some acting back on STING to further amplify its responses.’* The molecules are thought to involve positive feedback
regulation via STAT1 promoter binding,'* ubiquitination,'® sumoylation,'® phosphorylation,'” methylation,'® or'? acetylation of cGAS or
STING itself.

HERC is an evolutionarily conserved family of E3 ubiquitin ligases comprising six family members, HERC1-6, and the divergent expression
patterns of HERCs in tissues likely reflect their functional diversity.”” HERC6 is under strong and recurrent adaptive evolution in mammals,
likely reflective of its potential role in immune responses to viral pathogens.”” Consistent with this notion of a role in immune responses,
HERCS induction has been reported in COVID-19-infected tissues”' and was recently shown to be a biomarker of SLE.?? Notably, HERCé func-
tions are distinct in humans versus mice. For example, Mouse Hercé has been reported to be functionally similar to human HERC5,”* and no
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Figure 1. HERCG is an interferon stimulated gene (ISG)

(A) Volcano plot showing 1,582 upregulated and 585 down-regulated genes with IFN-a. stimulation in primary human keratinocytes (FDR<0.05).

(B) HERC6 expression correlation analysis with MX1 from primary human keratinocytes.

(C) MXT correlated genes in primary human keratinocytes upon IFN-a stimulation.

(D) Gene expression analysis of IFN-a stimulated N/TERT keratinocytes at indicated time points (Mean + SEM, p <0.001 = ***, p <0.01 = **, p < 0.05 = *, ns = not
significant, Student’s t test, n = 3) Assume that NT = no treatment group.

clear homolog to human HERC6 has been identified in mice, restricting functional testing of HERC6 to human cells and tissues. More impor-
tantly, there has not been any previous research examining the function of HERC6 in keratinocytes, and in relation to exogenous stimuli.

Numerous studies demonstrate that type | IFN responses are stronger in women, conferring protection against viral infections than men.
However, most of these studies were conducted using research focused on plasmacytoid dendritic cells, a major source of IFN alpha (IFN-a),”*
and in the context of TLR7.7>?* Whether STING signaling has a role in sex-biased immune responses has not been previously reported.

Herein, we demonstrated the interactions between STING, IFN signaling, and HERCé in epithelial keratinocytes, a major source of the type
I IFN-k. We demonstrated that HERC6 is an ISG that acts through the ubiquitination of LATS2, a kinase of the Hippo signaling pathway, to
modulate STING activation. This modulation of STING activation is sex-biased and VGLL3-dependent, establishing HERCé as a suppressor of
female-biased immune responses induced by STING activation.

RESULTS

HERCG6 is rapidly induced by type | IFNs in keratinocytes

We analyzed RNA-sequencing data of IFNe-stimulated primary human keratinocytes. We found that HERCé expression was rapidly upregu-
lated (FDR <0.05) by IFNa and positively correlated with type | ISGs in primary human keratinocytes, including MX1, IFNK, and ISG15
(Figure 1A). Notably, HERC6 was one of the top 5 genes that correlated with MX1, a well-known ISG,?” with a correlation coefficient of r =
0.97 (MX1) and r = 0.98 (OAS2) (Figures 1B, 1C, and S1A). HERCé6 induction occurred rapidly within é h of IFNea-stimulation (Figure 1D). These
data demonstrate that HERCé is an ISG in keratinocytes.

HERC6 negatively regulates IFN response to dsDNA but not to dsRNA stimuli

To determine if HERCé plays a role in the activation of type | IFN responses, we stimulated control or HERC6 knockdown (KD) primary human
keratinocytes with or without the STING agonist, cyclic GMP-AMP (cGAMP), or the TLR3 agonist polyinosinic: polycytidylic acid (Poly(l:C)).
Both STING and TLR3 activation resulted in the expression of ISGs (Figure 2A), including HERCS, in control cells (Figure S2A). However, siRNA
targeting of HERC6 (>85% KD efficiency as shown in Figure S2A), resulted in increased ISG responses to cGAMP but not to Poly(l:C)
(Figure 2A). Notably, no significant changes were observed in ISG expression following cGAMP stimulation with HERC6 knockdown (KD)
in primary human fibroblasts that express STING (Figures S2B-S2D), demonstrating that HERC6 KD regulation is specific to keratinocytes.
To confirm the regulatory effects of HERC6 on ISGs, we employed a stable MX1 reporter line in keratinocytes, where MX1 transcriptional ac-
tivity is reported by GFP expression with IFNea-stimulation (Figure 2B). As expected, GFP expression in the MX1-GFP reporter was higher in
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Figure 2. HERC6 negatively regulates type | interferon activity in cGAMP-stimulated keratinocytes

(A) Gene expression analysis of cGAMP or Poly(l:C) stimulated control or HERCé knockdown primary human keratinocytes (Mean + SEM, p < 0.001 = ***,
p <0.01 =** p <0.05 = * ns = not significant, Student’s t test, n = 3). Assume that NT = no treatment group.

(B) Gating strategy to sort GFP expressing single cells (GFP+) after IFN-a stimulation for 24 h in untransduced or MX1/GFP transduced keratinocytes.

(C) Histogram representing GFP expression in MX1/GFP reporter with control (siNTC) or HERCé (siHERC6) knockdown.

(D) Western blot analysis of HERCé in indicated knockout keratinocytes.

HERC6 KD compared to the control cells (Figure 2C). To determine whether HERC6 expression is dependent on IFN or STING activity in ker-
atinocytes, we assessed HERC6 levels and ISG expression in TYK2, IFNK, TMEM173 (STING protein), and IFNBT knockout (KO) keratinocytes.
HERC6 was significantly decreased at the transcript level and absentin TYK2, IFNB1, STING, and IFNKKO keratinocytes (Figures 2D and S2E).
Interestingly, cGAMP responses were suppressed in TYK2, IFNB1, and IFNK KO lines and absent in TMEM173 KO keratinocytes (Figures 2F
and 2G), demonstrating the dependency of HERC6 on autocrine type | IFN activity, which is absent in fibroblasts,” and STING activation.
These findings indicate that HERC6 requires STING-dependent IFN-k activity for its expression and function.

HERC6 knockout amplifies IFN signaling in keratinocytes

To address the role of HERC6 in keratinocytes, we generated HERC6 KO using CRISPR/Cas9 in N/TERT cells as previously described.” A 23 bp
deletion in HERC6 exon1 region was confirmed by Sanger sequencing, western blotting, and RT-gPCR analysis (Figures 3A and S3A). Consis-
tent with the findings from HERC6 KD (Figure 2A), HERCé KO resulted in amplified expression of IFNK and other ISGs upon cGAMP
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Figure 3. HERC6 knockout keratinocytes have sustained STING-TBK1 signaling amplifying type | IFN responses

(A) Sanger sequencing of exon1 and western blot analysis of HERCé knockout keratinocytes generated using CRISPR/Cas? in N/TERT cells.

(B) Western blot analysis of type | interferon-related genes in cGAMP stimulated control or HERC6 knockout keratinocytes at indicated time points in hours.
(C) Western blot analysis of STING pathway-related genes in cGAMP stimulated control or HERCé knockout keratinocytes at indicated time points in hours.
(D) Gene expression analysis for STING-induced genes in control or HERCé knockout keratinocytes (Mean + SEM, p <0.001 = ***, p <0.01 = **, p <0.05=*,ns =
not significant, two-way ANOVA, n = 3). Assume that NT = no treatment group.

(E) (Top) Venn diagram showing the total number of genes differentially regulated in non-targeting control (siNTC) or HERC6 (siHERC6) knockdown keratinocytes
with cGAMP stimulation (FDR <0.05, n = 3 males and 3 females; (Bottom) GO terms of 80 DEGs that overlap between control and HERC6 knockdown
keratinocytes for transcription factors in blue and molecular function in coral.

(F) Heatmap representing dysregulated genes in log2 fold change in control or HERCé knockdown primary human keratinocytes with cGAMP stimulation (n = 6).
(G) Gene expression analysis of ISGs in un-treated (NT) or CGAMP treated control KO, HERC6 KO and HERCé OE keratinocytes (Mean + SEM, p < 0.001 = ***,
p <0.01 =**, p <0.05 = * ns = not significant, Student’s t test, n = 3).
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stimulation (Figure S3B). In addition, we observed a persistent elevation in type | IFN signaling in cGAMP-stimulated HERC6 KO keratinocytes,
as evidenced by the upregulation of STAT1, phosphor (p)-STAT1, STATZ2, and p-STAT2 (Figure 3B).

Amplification of IFN responses secondary to loss of HERC6 is due to increased STING-TBK1 activity

Consistent with increased STING activity in HERC6 KO keratinocytes, we observed increased levels of p-STING, p-IRF3, and p-TBK1 with
cGAMP stimulation in HERC6 KO compared to control KO keratinocytes (Figures 3C and S3C). The effect on IFN signaling was seen as early
as 2 h following cGAMP treatment as shown by increased P-STAT2 in HERC6 KO keratinocytes and after 4 and 8 h cGAMP treatment on
STING-TBK1 signaling (Figures 3B and 3C), suggesting that the increased ISG response is secondary to STING activation. In line with these
findings, HERC6 KO keratinocytes demonstrated increased expression of IFNB1 and ILé by RT-gPCR (Figure 3D). Thus, HERC6 KOs exhibited
a difference in IFN and STING signaling compared to control, with higher levels of p-STAT2 and p-TBK1, even in the absence of stimulation
(Figures S4A and S4B). These responses were primarily STING-driven; we examined the effects of STING knockdown by siRNA. We observed
that knockdown of STING attenuated the elevated expression of IFNB1 and IL6 in HERC6 KO keratinocytes (knockdown efficiency >90% as
shown in Figure S4C). Both STING and HERC6 were increased in the cytoplasm after cGAMP stimulation (Figure S4D).

To determine the broader effect of HERCé on STING activation, we performed bulk RNA sequencing of non-targeting control (siNTC) or
HERC6 KD (siHERCS) primary human keratinocytes with or without cGAMP stimulation. Using a threshold of false-discovery rate (FDR) < 0.05,
we assessed the number of differentially expressed genes (DEGs). HERCé KD keratinocytes had an increased number of DEGs compared to
control with 80 DEGs in common (Figure 3E). Gene ontology (GO) terms for the 80 shared DEGs were enriched for targets of transcription
factors, including IRF3, STAT1, TEAD1, RELA, and molecular functions related to innate immune response including DNA and RNA binding,
CXCR3 chemokine receptor binding and ubiquitin-protein transferase activity in HERC6 KD keratinocytes (Figure 3E). Several ISGs including
OAS1, STAT2, XAF1, and IFIT3 were upregulated in cGAMP-stimulated HERC6 KD keratinocytes compared to cGAMP-stimulated control
(Figure 3F), with HERCé KD having an overall broader and stronger impact compared to control KD keratinocytes (Figure SAE). Conversely,
HERC6 over-expressing (OE) keratinocytes attenuated ISG responses to cGAMP stimulation (Figures 3G and S4F).

These data demonstrate that HERCé negatively regulates type | IFN activity by modulating STING-TBK1 signaling.

cGAMP stimulation resulted in enhanced LATS2 activity in HERC6 KO keratinocytes

HERCS has been reported to bind to LATS2,%® a serine/threonine protein kinase that regulates the Hippo signaling pathway through phos-
phorylation of YAP1 for cytosolic sequestration.”” Intriguingly, TEAD1, a transcription factor downstream of the Hippo signaling pathway,* is
significantly affected by HERC6 KD (Figure 3E). To assess the relationship between HERC6 and LATS2 function, we first determined LATS2
mRNA expression by QRT-PCR in control or HERC6 KO keratinocytes with or without cGAMP. We observed increased LATS2 mRNA expres-
sion in cGAMP-stimulated HERCé6 KO keratinocytes compared to the control (Figure 4A), which was also validated in our bulk RNA-seq data
from HERC6 KD primary human keratinocytes (Figure S5A). These findings were validated on the protein level by western blotting. In addition,
increased and sustained total and p-LATS1/2 levels were observed in HERC6 KO with cGAMP stimulation (Figures 4B and S5B).

The increased STING/TKB1 activity with loss of HERC6 is LATS2 dependent

To determine the role of LATS2 in modulating the increased STING/TBK?1 activity observed with the loss of HERC, we used siRNA targeting
LATS2 (KD efficiency >75% as shown in Figure 5C), which attenuated ISG responses in HERC6 KOs (Figure 4C). To assess the levels of YAP1,
we performed fractioned western blot analyses of the cytosolic and nuclear fractions of both control and HERC6 KO with or without cGAMP
stimulation. This demonstrated a reduction in cytosolic and nuclear YAP1 levels in HERCé KO keratinocytes (Figure 4D). The observed
reduction in cytosolic YAP1 levels led us to hypothesize that YAP1 undergoes increased degradation. To examine this, we inhibited total pro-
teasomal degradation using the proteasomal inhibitor MG132 [31]. MG 132, alone or with cGAMP treatment, led to increased YAP1 levels in
HERC6 KO, suggesting that the decrease in YAP1 levels is due to increased YAP1 proteasomal degradation (Figures 4E and 4F). These data
indicate that increased LATS2 activity in HERC6 KO keratinocytes increases YAP1 degradation.

HERC6 ubiquitinates LATS2 resulting in increased TBK1 activity

TRULLI is a small molecule inhibitor of LATS2 kinase activity.® To validate increased LATS2 activity in HERC6 KO keratinocytes, we inhibited
LATS2 using TRULI. LATS2 inhibition resulted in decreased expression of ISGs (Figure 5A), consistent with what we observed with LATS2KD in
HERC6 KO keratinocytes (Figure 4C). Consistent with the role of YAP1 acting as inhibitors of TBK1/STING activation, increased TBK1 expres-
sion was observed in HERC6 KO with cGAMP activation (Figure 5B), and pTKB1 (Figure 5C), which was suppressed with TRULI in cGAMP-stim-
ulated HERC6 KO (Figure 5C). These data indicate that LATS2-mediated YAP1 degradation increases TBK1 activation in HERCé KO
keratinocytes.

As HERC6 belongs to a family of E3 ubiquitin ligases,*” we examined whether HERC6 regulated LATS2 through ubiquitination. We per-
formed ubiquitin conjugates immunoprecipitation followed by a pull-down of LATS2 in empty (PCMV6) or HERC6-transfected HEK293 cells.
LATS2 was ubiquitinated to a higher degree in HERCé-transfected cells compared to empty vector-transfected cells (Figure 5D). Furthermore,
HERC6 and LATS2 colocalized in the cytoplasm upon cGAMP treatment (Figure 5E). These results indicate that HERC6 regulates STING acti-
vation through the ubiquitination of LATS2, which, in turn, inhibits TBK1 through increased YAP1, thereby suppressing STING activation.
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Figure 4. HERC6 knockout keratinocytes have increased LATS2 activity promoting increased YAP1 degradation

(A) LATS2 gene expression in control or HERC6 knockout keratinocytes after cGAMP stimulation (Mean + SEM, p <0.001 = ***, p <0.01 = **, p <0.05 = *, ns = not
significant, Student's t test, n = 3). Assume that NT = no treatment group.

(B) Western blot analysis of LATS2 and YAP1 in cGAMP stimulated control or in HERC6 knockout keratinocytes at indicated time points in hours. Assume that
NT = no treatment group.

(C) Gene expression analysis of cGAMP stimulated control or HERC6 knockout keratinocytes with or without LATS2 knockdown (Mean + SEM, p < 0.001 = ***,
p <0.01 = ** p <0.05 = *, ns = not significant, one-way ANOVA, n = 3). Assume that NT = no treatment group.

(D) Western blot analysis of cytosolic and nuclear YAP1 in control or HERCé knockout keratinocytes.

(E) Western blot analysis of YAP1 in cGAMP stimulated control or HERC6 knockout keratinocytes and with or without proteasomal inhibitor, MG132.

(F) Quantification of western blot from Figure 4E representing normalized relative band intensity of YAP (Mean + SEM, p <0.001 = ***,p <0.01 =**, p <0.05=*,
ns = not significant, one-way ANOVA, n = 3). Assume that NT = no treatment group.

HERC6 suppressed female-biased STING responses through a VGLL3-dependent mechanism

While there was no difference in HERC6 mRNA expression between primary keratinocytes from healthy males and females (Figure 6A),
we observed greater HERCé mRNA induction upon cGAMP stimulation in female SLE keratinocytes compared to healthy male or female
keratinocytes (Figure 6B). Notably, ISG responses upon cGAMP stimulation were robustly amplified in female compared to male ker-
atinocytes with HERC6 KD (Figures 6A and 6C). To identify the mechanisms involved in this sex bias, we used primary SLE keratinocytes
which exhibit female-biased IFN responses. We used cGAMP-stimulated female SLE keratinocytes along with siRNAs against HERCé
and VGLL3, a transcriptional co-factor previously implicated in sex-biased immune responses® and a regulator of Hippo signaling ac-
tivity.>* We observed increased VGLL3 in HERC6 KD female keratinocytes compared to male keratinocytes (Figures 6B and 6D-6F), The
knockdown efficiency for both HERCé and VGLL3 in lupus keratinocytes was robust (Figure 6D), and KD of both VGLL3 and HERCé
together attenuated heightened ISG activity (Figure 6C). Consistent with these findings, analysis of bulk RNA-seq data from cGAMP
stimulated primary human female, and male keratinocytes demonstrated that HERC6 KD was associated with greater enrichment for
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Figure 5. HERC6 carries out LATS2 ubiquitination to further induce TBK1-STING activation

(A) Gene expression analysis of ISGs upon LATS2 inhibition using TRULI in cGAMP stimulated control or HERC6 KO keratinocytes (Mean £+ SEM, p < 0.001 = ***,
p <0.01 =** p <0.05 = *, ns = not significant, two-way ANOVA, n = 3).

(B) Western blot analysis of P-TBK1 (on the left) and relative quantification (on the right) in cGAMP stimulated control or HERC6 knockout keratinocytes.

(C) Western blot analysis of LATS2, YAP1, TBK1, P-TBK1, IRF3, and P-IRF3 in cGAMP stimulated HERC6 knockouts with TRULI treatment.

(D) Western blot analysis (on the left) of ubiquitin conjugates immunoprecipitation pull-down of empty (PCVMé) or HERCé transfected HEK293 cells and relative

quantification (on the right).
(E) Confocal image analysis of control knockouts with or without cGAMP (HERCS in green, LATS2 in red, and DAPI nuclear staining in blue).

GO terms associated with IFN responses and cytosolic sensing of foreign DNA in female keratinocytes (Figure 6G). Furthermore,
the total number of differentially expressed genes (DEGs) was increased in both unstimulated and cGAMP-stimulated female
compared to male keratinocytes, consistent with more robust ISG responses with HERC6 KD (Figure 6D). These findings show that
HERCé6 suppresses ISG responses by modulation of VGLL3-dependent Hippo pathway signaling in female keratinocytes. This
suggests that HERC6 may be responsible for dampening female-biased immune responses through modulation of STING activity
(Figure 6E).

DISCUSSION

Here, we demonstrated that HERC6, an E3 ubiquitin ligase, is rapidly induced in epidermal keratinocytes upon IFN-a stimulation or by nucle-
otide sensing mechanisms to either dsDNA or dsRNA and dependent on STING and autocrine IFN-k activity. Notably, the suppressive role of
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Figure 6. HERC6 suppresses cGAMP-dependent sex-biased interferon responses in lupus keratinocytes in a VGLL3-dependent manner

(A) Interferon-stimulated gene expression in normal male (M) or normal female (F) keratinocytes with control (NTC) or HERC6 (HERC6) knockdown and with or
without cGAMP stimulation (Mean + SEM, p < 0.001 = ***, p < 0.01 = **, p < 0.05 = *, ns = not significant, two-way ANOVA, n = 3).

(B) Immunofluorescence staining of VGLL3 in primary human female keratinocytes with VGLL3 or HERCé knockdown (VGLL3 in red and DAPI nuclear staining in
blue).

(C) Gene expression analysis representing fold change compared to knockdown of non-targeting control (NTC) of HERC6, VGLL3, or both HERC6+VGLL3in non-
lesional female lupus keratinocytes (Mean + SEM, p <0.001 = *** p <0.01 = ** p <0.05 = *, ns = not significant, ordinary one-way ANOVA fold-change relative
to control knockdown, n = 3).

(D) Total number of DEGs in female or male control knockdown (siNTC) or HERC6 knockdown keratinocytes with cGAMP stimulation.

(E) Schematic illustrating the mechanism involving sex-biased IFN responses in HERC6 KO keratinocytes through modulation of VGLL3 Hippo pathway.
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HERC6 on cGAMP signaling was specific to epidermal keratinocytes and not seen in fibroblasts and acted through modulation of the LATS2/
TBK1/VGLL3 Hippo-pathway to suppress female-biased immune responses.

Our data are consistent with a significant role for HERCé as a modulator of the STING pathway, particularly in disease states such as sys-
temic lupus erythematosus (SLE), characterized by a prominent sex-biased type | IFN activity.' This modulation of STING activation is through
ubiquitination of LATS2 kinase upon sensing dsDNA agonist. The ubiquitination of LATS2 results in decreased LATS2 activity, likely through
increased proteasomal degradation of LATS2, increasing YAP1, which in turn promotes inhibition of TBK1, resulting in suppression of down-
stream IRF3-dependent signaling from STING. Conversely, decreased levels of HERC6 lead to increased degradation of YAP1, effectively
decreasing both cytoplasmic and nuclear levels of YAP1, leading to decreased competition in binding to TEADs transcription factors with
nuclear transcription co-factors, such as VGLL3, shifting the binding toward increased VGLL3:TEAD activity, thereby amplifying VGLL3 re-
sponses. As VGLL3 is primarily located in the nucleus of female keratinocytes, this shift likely only occurs in women to amplify IFN responses.
This aligns with our previous findings describing VGLL3, a modulator of Hippo-signaling, as a master regulator of sex-biased immune re-
sponses.” A crosstalk between the Hippo-STING signaling pathways has been described previously,”*® and LATS1/2 deletion has been
shown to enhance type | IFN response in melanoma cells.>” However, sex-specific regulation of immune responses through modulation of
STING activation has not been previously reported.

SLE is a female-biased disease characterized by heightened type | IFN responses.' Although there is a trend for the peak of high type |
IFN activity being earlier in female patients, there are no significant quantitative differences in type | IFN activity between male and female SLE
patients once the disease state is fully established.’® Female-biased type | IFN responses have been reported in plasmacytoid dendritic cells
(pDCs) from healthy individuals responding to TLR7 or TLR9 ligands."' Still, interestingly pDCs are markedly diminished in inflamed SLE skin,**
and have also been described to have lost their effector capacity.*® These findings suggest that while there may be sex-specific differences at
baseline in type | IFN responses between men and women, these differences are balanced once the disease process is established. These
underlying female-biased responses are unmasked and amplified in the absence of HERC6, suggesting that HERCé is a suppressor of fe-
male-specificimmune responses through the modulation of STING responses. This role of HERC6 may extend beyond the skin, as differential
expression of HERC6 has been reported in SLE PBMCs and glomeruli of lupus nephritis patients.***>

While we did not find evidence for the involvement of HERC6 in TLR3 responses, which is a sensor of intracellular double-stranded RNA
(dsRNA),*® we did not address the potential role(s) of HERC6 on TLR7 or TLR? pathways, both of which have been previously implicated in sex-
biased immune responses.”’*® Notably, though, TLR3 stimulation through Poly(l:C) was a more potent inducer of HERC6 expression than
stimulation with the STING agonist cGAMP, suggesting that HERC6 might have a role in cross-regulation between TLR3 and STING signaling,
but this will need to be addressed in future studies.

Our findings have major implications regarding our understanding of STING signaling and sex-biased immune responses and emphasize
the role of the Hippo pathway through modulation of HERC6-STING activity as a critical circuit in the modulation of autoimmune diseases
such as SLE.

Limitations of the study

There are certain limitations inherent to our study. We did not explore the mechanistic significance of STING activity via Hippo pathway mod-
ulation in cell types other than human keratinocytes. This was due to the lack of observable changes in ISG activity upon HERCé knockdown in
HEK293 cells and human fibroblasts. While a humanized HERCé animal model would have provided valuable insights, we restricted our ex-
periments to human keratinocytes given the significance of HERCé6 in human physiology. Moreover, our investigation did not delve into the
role of HERCé in regulating the STING pathway in other autoimmune diseases. Our future research endeavors will focus on examining VGLL3-
dependent sex-biased IFN responses in autoimmune skin conditions such as lupus.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Human STAT1 Cell Signaling Technology 9172S
Human P-STAT1 Cell Signaling Technology 9167S
Human STAT2 Cell Signaling Technology 72604S
Human P-STAT2 Cell Signaling Technology 4441S
Human IRF3 Cell Signaling Technology 4302S
Human P-IRF3 Cell Signaling Technology 37829S
Human TBK1 Cell Signaling Technology 38066S
Human P-TBK1 Cell Signaling Technology 5483S
Human STING Cell Signaling Technology 13647
Human P-STING Cell Signaling Technology 19781
Human LATS1/2 Invitrogen BS-4081R
Human P-LATS1/2 Invitrogen PA5-64591
Human YAP Cell Signaling Technology 8418S
Human P-YAP Cell Signaling Technology 913008S
Human ACTIN Cell Signaling Technology 8457S
Human HERCé Thermo Fisher Scientific PA5-57426
Human STING Thermo Fisher Scientific PA5-26751
Human LATS2 Thermo Fisher Scientific 17H14L2
HRP conjugated secondary CST 58802S & 93702S

Fluorochrome conjugated secondary

antibodies

Fisher Scientific

A-11008 & A8_2340767

Chemicals, peptides, and recombinant proteins

HERC6 siRNA

TMEM siRNA

LATS2 siRNA

Non-targeting control siRNA
siRNA Buffer

siRNA Delivery media

TransfeX

Pierce RIPA buffer

Protease and phosphatase inhibitor cocktail
Tagman Universal PCR Master Mlix
Turbofectin

Lipofectamine 3000

Polybrene

Magnetic Protein A/G beads
TRIS-Glycine gels

ECL substrate

RNeasy plus kit

Recombinant Human IFN-o.

cGAMP

Dharmacon
Dharmacon
Dharmacon
Dharmacon
Dharmacon
Dharmacon

ATCC

ThermoFisher Scientific
Sigma

ThermoFisher Scientific
Origene

ThermoFisher Scientific
Sigma Aldrich
ThermoFisher Scientific
Bio-Rad

Stellar Scientific
Qiagen

PBI assay

Invivogen

E-005175
E-024333
E-003865
D-001910-01-05
B-002000-UB-100
B-005000
ACS4005

89900

36978

4304437
TF8100
3000001
TR-1003-G
88803
456-1094S
MMZR-XR96
74136

11100-1
Tlrl-nacga23

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
TLR3 agonist Invivogen tlrl-pic

E. coli ThermoFisher Scientific C737303
CRISPR/Cas9 backbone Addgene 48138
Promoterless lentiviral vector abm ABM-LV059
CMV promoter-driven GFP lentiviral vector abm ABM-LV011-a
HERC6 Human tagged ORF Origene RC218907
DYK-HERC6 Genscript SC1626
Myc-LATS2 Addgene 66852
Keratinocyte Serum Free medium ThermoFisher Scientific 17005-042
Medium 154 ThermoFisher Scientific M154500
Opti-MEM GIBCO 31985-070
Dulbecco’s modified Eagle’s medium ThermoFisher Scientific 11320033

Deposited data

Bulk RNA-sequencing data

Primary keratinocytes microarray data

In this paper
Swindell et al. 2014

GEO: GSE253221

GEO: GSE7216, GSE18590, GSE21364,
GSE21567, GSE27186, GSE30355, GSE32685,
GSE33495, GSE33536, GSE34528, GSE36222,
GSE36287 and GSE37637

RESOURCE AVAILABILITY
Lead contact

For additional details and inquiries regarding resources and reagents, please contact the lead author, Johann E. Gudjonsson (johanng@med.

umich.edu).

Materials availability

Knockout cell lines, guide RNAs, and plasmids generated in this study are available upon request.

Data and code availability

e The data in the present study can be obtained from the public datasets specified in the key resources table.

e This paper does not include the original code.
e Any additional information will be available upon request from the lead author.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Human subjects

SLE patients and healthy controls (Table S1) were recruited from the Taubman Institute Innovative Research Program Personalized Medicine
through Integration of Immune Phenotypes in Autoimmune Skin Disease (TIIP-PerMIPA cohort) as described in a previous study.”® As per the
principles of the Declaration of Helsinki, all patients and healthy controls gave written, informed consent before inclusion in the study.

Human primary cell culture

Human keratinocytes were obtained from SLE patients and healthy adults by following the procedure described in a previous study.’’ Skin
biopsies were collected from volunteer patients in accordance with the University of Michigan institutional review board-approved protocols
and with the subjects’ informed consent. The cultures were maintained using serum-free medium and were used for experimentation at pas-
sage 2 or 3 with a calcium concentration of 0.1 mM. Primary human dermal fibroblasts were isolated from human skin described in a previous
study.””

METHOD DETAILS
Cell culture and stimulations

N/TERT human immortalized keratinocyte cell line was obtained from Dr. James G. Rheinwald and was used for performing gene knockdowns
or knockout (KO) experiments.”® These cells have demonstrated typical differentiation traits in monolayer and organotypic skin models.

14 iScience 27, 108986, February 16, 2024


mailto:johanng@med.umich.edu
mailto:johanng@med.umich.edu

iScience ¢? CellPress
OPEN ACCESS

N/TERTs or KOs were cultured in Keratinocyte Serum Free Medium (KSFM), which was enriched with 30 pg/ml bovine pituitary extract, 0.2 ng/
ml epidermal growth factor, and 0.3 mM calcium chloride.** Cells were used for various experiments following the attainment of the appro-
priate confluency. Cells were deprived of growth factors for 24 hours before being exposed to recombinant human IFN-a. Complete growth
media was used for cGAMP or TLR3 agonist stimulations. Total RNA or protein was isolated after indicated time points of stimulations or
transfections.

Accell siRNA-based knockdown

Keratinocytes were seeded into 48-well plates and incubated overnight at 37°C with 5% CO2. A 100uM siRNA stock was prepared using siRNA
buffer, diluted to 1uM siRNA using Accell siRNA delivery media, and added to each well. A non-targeting control siRNA was used for negative
control. Total RNA was isolated after 48 hours of siRNA incubation. cGAMP or TLR3 agonist stimulations were performed after 48 hours of
incubation with siRNA.

Knockout keratinocyte generation using CRISPR/Cas9

CRISPR KO keratinocytes were generated as previously described.” Briefly, the target single-guide RNA (sgRNA) was designed using a web
interface developed explicitly for CRISPR design by the BROAD institute (https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-
design). The target sequences for synthetic sgRNA were integrated into a cloning backbone known as pSpCas9 (BB)_2A-GFP. Integrated
sgRNA sequences into the plasmids were transformed using the competent E. coli. Verified plasmid DNA by Sanger sequencing was
used to transfect the N/TERT cells using TransfeX. GFP-expressing cells were clonally expanded and sequenced to investigate the
INDELs. IFNK, TYK2, IFNB1, and STING KO keratinocytes were generated as previously described.”® HERC6 KO keratinocytes were gener-
ated by annealing the following oligonucleotides: HERC6ET1SG2F1: 5'-CACCGATTGTTGATCTCGTGAGCTG-3" and HERCHE1SG2R1:
5-AAACCAGCTCACGAGATCAACAATC-3". Genotyping for HERCé clones was performed with specific primers for HERC6: HERC4PCRF4:
AAAGTGCTGTCTTAAACTTGTGT and HERC6PCRR4: TTGAATAAATGAAGGAGTGGGTTGA.

Stable MX1 reporter line generation

A 2nd generation promoterless lentiviral vector carrying a puromycin selection marker was purchased from abm which contains a multiple
cloning site (MCS) upstream of GFP. The MX1 promoter region of 991bps upstream of the transcription start site was cloned into MCS using
the EcoRl and Xbal restriction sites. Agarose gels and sanger sequencing confirmed MX1 cloning into the lentiviral backbone vector. HEK293T
cells were used for packaging and generating viral particles. Viral particles generated were collected after 48hrs of transfection and imme-
diately used to transduce the keratinocytes at a multiplicity of infection (MOI) of 1. The transduced keratinocytes were expanded in a selection
medium containing 10ug/ml puromycin for 5 days or until all the un-transduced cells were dead. Puromycin concentration of 10ug/ml was
determined after performing a drug kill curve in keratinocytes. CMV promoter-driven GFP or promoterless empty vectors were used as con-
trols. Single-cell sorted transduced keratinocytes were expanded, and validation experiments were performed to choose an optimum clone.

Western blot analysis

Total protein was extracted from the cells using Pierce RIPA buffer supplemented with protease and phosphatase inhibitor cocktail. 20ug of
total protein samples were then subjected to electrophoresis on pre-cast TRIS-Glycine gels. After blocking with 5% BSA, the membrane was
probed with primary antibodies, followed by HRP conjugated secondary antibodies. Membranes were washed three times and were imaged
on iBright using the ECL substrate. All experiments were performed at least three times with similar results.

Gene expression analysis

Total RNA was harvested from cells using Qiagen RNeasy plus kit. gRT-PCR was performed on a 7900HT Fast Real-time PCR system
(AppliedBiosystems) using TagMan Universal PCR Master Mix, and RPLPO was used as endogenous control.

Flow cytometry

Single-cell suspension was prepared from untransduced, CMVGFP, and MX1GFP transduced keratinocytes. Live cells were first gated manu-
ally to exclude dead cells or debris, and GFP-expressing cells were gated based on CMVGFP transduced cells which constitutively expressed
stable GFP on a BD LSR Il (BD Biosciences). Data were analyzed using FlowJo software.

Microarray

MXT1-correlated genes were identified by evaluating gene expression across 118 keratinocyte (KC) microarray samples curated by Swindell
et al.”? The 118 samples had been generated using the same commercial microarray platform (Affymetrix Human Genome Plus 2.0 array)
and were compiled from 13 Gene Expression Omnibus series submissions (GSE7216, GSE18590, GSE21364, GSE21567, GSE27186,
GSE30355, GSE32685, GSE33495, GSE33536, GSE34528, GSE36222, GSE36287 and GSE37637). Microarray samples were generated using
RNA from cultured KCs following various forms of treatment (e.g., genetic mutations, siRNA knockdown, cytokines). The expression of
MX1 was detected (P < 0.05) with respect to 94 of the 118 microarray samples (79.7%). Genes most strongly correlated with MXT expression
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included interferon induced protein 44 (IFI44), interferon induced protein with tetratricopeptide repeats 1 (IFIT1), interferon induced protein
44 like (IFI44L), and HECT and RLD domain containing E3 ubiquitin protein ligase family member 6 (HERCS).

Bulk RNA sequencing

Bulk RNAseq for control or HERC6 KD primary human keratinocytes with or without GAMP stimulation were performed (n=3 each group, and
3 male and 3 female keratinocytes were included per group). 150bp paired-ended reads were generated. The reads were adapter trimmed
and aligned to the human genome hg19, with only the uniquely mapped reads used for expression level quantification. DESeqg2 was used to
perform read normalization and differential expression analyses. The data are available on GEO (Accession # GSE253221).

Transient transfections

Cells were transfected using Lipofectamine transfection reagent in Opti-MEM. Plasmid DNA (2 ng per 6-well dish or 1ug per 24-well dish) was
diluted in Opti-MEM, lipofectamine, and p3000 reagent was separately diluted in Opti-MEM. After 5 min, the DNA was added to the p3000
mix and incubated at room temperature for 15 min. The mixed solution was pipetted dropwise into the medium, covering the adherent cells.
Cells were transfected for 48hr before harvesting for downstream analysis.

HERC6 over-expressing keratinocytes

HERC6 over-expressing keratinocytes were generated by lentiviral transduction, like previously described [6]. Briefly, human HERCé ORF-con-
taining mammalian vectors were packaged using the packaging plasmids and turbofectin in HEK293T cells. A day before transduction, ker-
atinocytes were plated in serum-free media and transduced with the virus with 8ug/ml of polybrene. After drug selection, surviving clones
were obtained by limited dilution, and the OE clones were verified by western blotting.

Immunoprecipitation assay

HEK 293 cells were grown in Dulbecco’s modified Eagle’s medium with 10% fetal bovine serum. Cells were transfected using Lipofectamine
3000 with the DYK-HERC6 or Myc-LATS?2 or both tagged cDNA constructs and harvested after 48 hours. 500pg total protein was incubated
overnight with mono, or polyubiquitin conjugates antibody on a shaker at 4°C. Pierce Protein Magnetic Protein A/G beads were used to pull
down immune complexes, which were then analyzed by western blotting.

Immunofluorescence staining

For in vitro studies, immunofluorescence staining was performed on cells plated on 8-well chamber slides. Cells were initially washed in ice-
cold PBS, fixed in 4% PFA, blocked in BSA, and incubated with primary antibodies overnight at 4°C. The following day, cells were incubated
for 1 hrin fluorochrome-conjugated secondary antibodies. Chamber slides were washed and prepared in mounting media with DAPI. Images
were acquired using an inverted Zeiss microscope. Images presented are representative of at least three biological replicates.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical testing was performed on data obtained from at least three independent experiments using GraphPad Prism version 9. Statistical
significance was determined using Student’s unpaired t-test or analysis of variance (ANOVA) as indicated in the legend (*P < 0.05, **P < 0.01,
***P < 0.001, ****P <0.0001). After two-way ANOVA, Tukey's multiple comparison post hoc test was used with a 95% family-wise confidence
level. Flow cytometry data were analyzed using FlowJo v10. The number of sampled units, n, is indicated in the figure legends and as
data points on the bar plots. For microarray and bulk RNA-sequencing, a false discovery rate (FDR) of 0.05 was used to adjust and control
for multiple testing.
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Figure S1
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Figure S1. HERCG6 correlation with OAS2. Related to Figure 1.
Correlation of HERC6 mRNA expression with OAS2 from primary human keratinocytes.
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Figure S2. HERCG6 activity in keratinocytes is STING-dependent. Related to Figure 2.

Control KO
ontro Control KO IFNK KO IFNB KO TYK2 KO STING KO

A. HERCSG6 knockdown efficiency in primary human keratinocytes (Mean +/P<0.01 = **, P<0.05 = *, ns
= not significant, One-way ANOVA, n=3), and

B. HERCG6 knockdown efficiency in primary human fibroblasts (Mean +/P<0.01 = **, P<0.05 = *, ns =
not significant, One-way ANOVA, n=4)

C. Gene expression analysis of STING in primary human fibroblasts (Mean +/***, P<0.01 = **, P<0.05
=*, ns = not significant, Student’s t-test, n=3)

D. Gene expression analysis of ISGs in cGAMP stimulated control or human fibroblasts (Mean +/-
SEM, P<0.001 = ***, P<0.01 =**, P<0.05 = *, ns = not significant, Student’s t-test, n=4). Assume
that NT = no treatment group.

E. HERCG6 gene expression in indicated knockout keratinocytes (Mean +/P<0.01 = **, P<0.05 = *, ns
= not significant, One-way ANOVA, n=3). Assume that NT = no treatment group.

F. Gene expression analysis of ISGs cGAMP stimulated control or(Mean +/- SEM, P<0.001 = ***,
P<0.01 =**, P<0.05 = *, ns = not significant, n=3)

G. Quantification of western blot from Figure 2D representing normalized relative band intensity of

HERCG6 (Mean +/- SEM, P<0.001 = ***, P<0.01 = **, P<0.05 = *, ns = not significant, Student’s t-test,
n=3). Assume that NT = no treatment group.
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Figure S3. HERC6 knockout keratinocytes have increased STING activity upon cGAMP stimulation.
Related to Figure 3.

A. HERCS6 expression by qPCR in indicated knockout keratinocytes (Mean +/- SEM, P<0.001 = *** P<0.01 = **,
P<0.05 =*, ns = not significant, One-way ANOVA, n=3)

B. Gene expression analysis for 1ISGs in cGAMP stimulated control or HERC6 knockout keratinocytes at
indicated time points (Mean +/- SEM, P<0.001 = ***, P<0.01 = **, P<0.05 = *, ns = not significant, Two-way
ANOVA, n=3). Assume that NT = no treatment group.

C. Quantification of western blot from Figure 3C representing normalized relative band intensity of STING,
P-STING, IRF3, P-IRF3, TBK1 & P-TBK1 (Mean +/- SEM, P<0.001 = ***, P<0.01 = **, P<0.05 = *, ns = not
significant, Two-way ANOVA, n=3). Assume that NT = no treatment group.
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Figure S4. Sustained STING signaling activity in HERC6 knockout keratinocytes is dampened by STING
inhibition. Related to Figure 3.

A. Western blot analysis of type | interferon-related genes in untreated control or HERC6knockout
keratinocytes at indicated time points

B. Western blot analysis of STING pathway-related genes in untreated control or HERC6knockout
keratinocytes at indicated time points

C. Gene expression analysis for STING-induced genes with or without STING knockdown in control or
HERCG6 knockout keratinocytes (Mean +/- SEM, P<0.001 =***, P<0.01 = **, P<0.05 = *, ns = not significant,
Two-way ANOVA, n=3). Assume that NT = no treatment group

D. Confocal image analysis of control keratinocytes with or without CGAMP (HERC®6 in green, STING in
red, and DAPI nuclear staining in blue)

E. GO terms biological processes for control knockdown (siNTC) and HERC6 knockdown (siHERCG6)
primary human keratinocytes showing significance with cGAMP stimulation (FDRadjusted p-value of 0.05,
n=3 males & 3 females)

F. Western blot analysis of control (Con), HERC6 OE (OE) or HERC6 KO (KO) keratinocytes
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Figure S5. HERC6 knockout keratinocytes exhibit increased LATS2 activity. Related to Figure 4.

A. Heat map representing Log2 fold change of HERCG6, LATS2, CXCL10, and CXCL11 in non- treated versus
cGAMP stimulated control or HERC6 knockdown human primary keratinocytes through bulk RNA-sequencing
B. Quantification of western blot from Figure 4B representing normalized relative band intensity of LATS1/2,
P-LATS1/2, YAP & P-YAP (Mean +/- SEM, P<0.001 = ***, P<0.01 = **, P<0.05 = *, ns = not significant,

Two-way ANOVA, n=3). Assume that NT = no treatment group.

C. LATS2 knockdown efficiency by QPCR (Mean +/- SEM, P<0.001 = ***, P<0.01 = **, P<0.05 =", ns = not

significant, One-way ANOVA, n=3)
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Figure S6. Negative regulatory role of HERCG6 is female biased in keratinocytes. Related to Figure 6.
A. HERCG6 expression in primary male (M) or female (F) keratinocytes stimulated with or without
cGAMP

B. HERC6 gene expression in normal male (M), normal female (F), or SLE femalekeratinocytes
with or without cGAMP stimulation (Mean +/- SEM, P<0.001 = ***, P<0.01 = **, P<0.05 = *, ns = not
significant, Two-way ANOVA, n=3)

C. HERCG6 knockdown efficiency in primary human male (M) or Female (F) keratinocytescontrol
(NTC) or HERC6 (HERCS) siRNA (Mean +/- SEM, P<0.001 = ***, P<0.01 = **, P<0.05 = *, ns = not
significant, One-way ANOVA, n=3)

D. Gene expression analysis representing fold change compared to knockdown of noncontrol (NTC)
of HERC®6, VGLL3, or both HERC6+VGLL3 in non-lesional female lupus keratinocytes (Mean +/-
SEM, P<0.001 = ***, P<0.01 = **, P<0.05 = *, ns = not significant, Ordinary one-way ANOVA
fold-change relative to control knockdown, n=3)

E. Immunofluorescence staining of VGLL3 in primary human male keratinocytes with VGLL3 or
HERCG6 knockdown (VGLL3 in red & DAPI nuclear staining in blue)

F. Quantification of VGLL3 staining from Figure 6B & Supplemental Figure S6E representing %
Fluorescence intensity normalized to DAPI staining (Mean +/- SEM, P<0.001 = ***, P<0.01 = **,
P<0.05 = *, ns = not significant, Student’s t-test, n=3)

G. GO terms for HERCG6 knockdown (siHERC6) male or female keratinocytes showing signifi-
cance with cGAMP stimulation ((FDR-adjusted p-value of 0.05, n=3)



Table S1: Study Participant Details. Related to STAR Methods.

Figure Healthy controls

Figures 3E, 3F, 6A & 6D Age Sex Self-reported race/ethnicity

48 Male White, non-Hispanic

34 Male White, non-Hispanic

36 Male White, non-Hispanic

46 Female White, non-Hispanic

41 Female White, non-Hispanic

36 Female White, non-Hispanic

Figures 2A, 4A & 6B 50 Male White, non-Hispanic

36 Male White, non-Hispanic

67 Male White, non-Hispanic

39 Female White, non-Hispanic
19 Female Black_White, non-Hispanic

25 Female White, non-Hispanic

Figure 6C SLE patients

39 Female White, non-Hispanic

34 Female White, non-Hispanic

36 Female White, non-Hispanic
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