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While the NSL complex is known for its importance in early development, its role in fully differentiated cells
remains enigmatic. Using a kidney-specific model, we discovered that deletion of NSL complex members
KANSL2 or KANSL3 in postmitotic podocytes led to catastrophic kidney dysfunction. Systematic comparison
of two primary differentiated cell types reveals the NSL complex as a master regulator of intraciliary transport
genes in both dividing and nondividing cells. NSL complex ablation led to loss of cilia and impaired sonic hedge-
hog pathway in ciliated fibroblasts. By contrast, nonciliated podocytes responded with altered microtubule dy-
namics and obliterated podocyte functions. Finally, overexpression of wild-type but not a double zinc finger (ZF-
ZF) domain mutant of KANSL2 rescued the transcriptional defects, revealing a critical function of this domain in
NSL complex assembly and function. Thus, the NSL complex exhibits bifurcation of functions to enable diversity

of specialized outcomes in differentiated cells.

INTRODUCTION

The fine-tuning of acetylation requires a balanced interplay between
the histone acetyltransferases (HATs) and histone deacetylases
(HDAC:), and the dysregulation of acetylation is associated with
many diseases (I-3). For example, HATs such as MOF (also
known as KAT8), CBP, and EP300 have been implicated in develop-
mental disorders and intellectual disability (4-7). Additionally, mu-
tations in MSL3 and KANSLI, members of the MOF-interacting
male-specific lethal (MSL) and nonspecific lethal (NSL) complexes,
respectively, are also associated with multiorgan developmental
syndromes characterized by intellectual disability (8, 9).

Studies have shown that HAT' are essential during early embry-
onic development, as mouse models with genetic deletion of Mof,
Cbp, p300, and many others show lethality at embryonic stages (10,
11). However, their functions later in development and during the
adult stage are less defined, and it has become increasingly clear that
the roles of HATs could be highly sensitive to molecular as well as
cellular contexts (1). For example, MOF substrate specificity is de-
pendent on the molecular complex it is associated with. When as-
sociated with the MSL complex, MOF achieves an extremely high
specificity for H4Kl16ac, but when partnered with the NSL
complex, it has been shown to have a broader substrate repertoire,
acetylating additional H4 residues H4K5ac, H4K8ac, and H4K12ac,
as well as nonhistone proteins (9, 12-14). At the molecular level,
MOF associates exclusively with either the MSL or the NSL
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complex, meaning MOF's choice of partner is likely to be a key de-
terminant of its function (15, 16). In the context of the NSL
complex, it has been shown that the NSL complex is a transcription-
al activator that binds promoters and promotes the recruitment of
RNA polymerase II and the NURD nucleosome remodeler complex
to target genes (17-22). Furthermore, the H4 acetylation marks me-
diated by the NSL complex have also been found to promote the
recruitment of BRD4 (23). In addition, the NSL complex has
been shown to regulate various tissue- and cell type—specific func-
tions (6, 24-26). For example, NSL complex depletion causes
defects in red blood cell development due to deregulation of the he-
matopoiesis regulator RUNX1, while in embryonic neurons, NSL
complex removal led to changes in lipid metabolism pathways
and eventually to a breakdown of the neurovasculature (24, 26).
We have previously reported that podocyte-specific deletion of
Mof exacerbates the podocyte injury phenotype elicited by doxoru-
bicin, but it is uncertain whether and how the NSL complex might
be involved (27). Furthermore, the direct chromatin targets of MOF
and the NSL complex in podocytes have not been characterized
before. Within the kidney glomeruli, podocytes are one of the
most important cell types whose injury is a pivotal event leading
to proteinuric kidney disease, glomerulosclerosis, and loss of
renal functions (28). Podocytes are fully differentiated, highly spe-
cialized, and postmitotic cells with a limited capacity for regenera-
tion. They are the major filtration units of the glomeruli, and their
constant exposure to physical forces demands a complex cellular
morphology with a sophisticated cytoskeletal network (29). A
typical podocyte consists of a cell body, primary processes that
consist primarily of microtubules, and branching secondary pro-
cesses (also known as foot processes) that are enriched in actin
(30, 31). Slit diaphragms, specialized cell-cell junctions found
between two interdigitating podocyte foot processes, function to-
gether with the glomerular basement membrane to form the glo-
merular filtration barrier (32-34). Therefore, the proper
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maintenance of cytoskeletal structures in podocytes is crucial for
their function and mutations in genes involved in cytoskeletal func-
tions are often implicated in glomerular diseases (29, 35). The NSL
complex protein KANSL3 has previously been identified to be a
mitosis-specific microtubule minus-end binder (36). However,
whether the NSL complex plays any role in regulating microtubule
function in noncycling interphase cells remains unexplored.

Here, we investigated the role of KANSL2 and KANSL3, protein
members unique to the NSL complex, in both glomerular podocytes
and mouse embryonic fibroblasts (MEFs). Mice with podocyte-spe-
cific deletion of KANSL2 or KANSL3 showed severe glomeruloscle-
rosis and premature lethality. We reveal a critical role for the NSL
complex in transcription of ciliary genes of both ciliated and non-
ciliated cells, and uncover a context-specific diversification of func-
tion for the NSL complex—mediated regulation of ciliary genes
according to the ciliation status of the affected cell type. In ciliated
cells (MEFs), NSL complex—mediated regulation of ciliary genes is
critical for cilia assembly and sonic hedgehog (shh) signaling,
whereas in nonciliated podocytes we implicate NSL complex—medi-
ated regulation of ciliary genes in organization of the microtubule
cytoskeleton, which likely led to the podocytopathy and kidney
defects observed upon podocyte-specific deletion of KANSL2 and
KANSL3 in vivo.

RESULTS

KANSL2 and KANSL3 depletion causes severe
glomerulopathy

To evaluate the role of KANSL2 and KANSL3 in terminally differ-
entiated podocytes, we crossed the Kansi2™ and KansI3"™ mice
with mice expressing Cre under the control of the podocyte-specific
Nphs2 promoter (Nphs2-Cre, or nCre) (Fig. 1A) (26, 37). The
Nphs2 promoter exerts its activity from embryonic day 14.5
onward and is expressed only in podocytes during the late capillary
loop stage, the penultimate stage of glomerular development when
the characteristic mature ultrastructure of podocytes required for
proper filtration has been properly formed (37, 38). Mice with
loss of KANSL2 (Kansl2-pKO) and KANSL3 (Kansl3-pKO) in po-
docytes showed no notable difference in either urinary albumin:cre-
atinine ratio or body weight from 0 to 2 weeks of age compared to
wild-type (WT) nCre animals (Fig. 1, B and C). However, they pro-
gressively developed substantial proteinuria as measured by
albumin:creatinine ratio from 3 and 4 weeks of age, respectively
(Fig. 1B). Kansl2-pKO and Kansl3-pKO mice exhibited significant
weight loss compared to WT nCre animals from 5 and 6 weeks of
age, respectively (Fig. 1C). This phenotype was followed by early le-
thality with a median survival age of 7.5 and 10 weeks for Kansl2-
pKO and Kansl3-pKO, respectively (Fig. 1D).

At 6 weeks of age, a difference in size between Kansl2-pKO and
nCre animals became obvious, and kidneys from Kansl2-pKO
animals appeared consistently paler than those from littermate con-
trols (Fig. 1E). Histological analysis by periodic acid=Schiff (PAS)
staining revealed severe glomerulosclerosis accompanied by
tubular dilation and tubular protein cast for both Kansl2-pKO
and Kansl3-pKO mice at 6 weeks of age (Fig. 1F). Sirius red staining
further revealed fibrosis across kidney tissues, suggesting that by 6
weeks of age secondary defects were already evident (Fig. 1G). In
addition, we compared the weights of various internal organs of
Kansl2-pKO animals to littermate controls at 6 weeks of age (fig.
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S1, A and B). While kidney weight remained proportional to
body weight, we observed significant relative weight reduction of
both thymus and spleen, although Nphs2-Cre has no reported ac-
tivity there (39). Premature immune aging, with symptoms includ-
ing thymus atrophy, is well documented in patients suffering from
chronic kidney diseases (40, 41). In line with this, our observation
suggested secondary phenotypes in thymus and spleen caused by
primary kidney defect already by 6 weeks of age. To confirm the
lack of Cre activities in these organs, we made use of the mToma-
to”'mGFP (mTmG) reporter in which Cre-positive cell types were
labeled with green fluorescent protein (GFP) and the Cre-negative
cell types were labeled with mTomato. GFP signals were only ob-
served in glomerular podocytes, while none was observed in
either thymus or spleen (fig. SIC). This confirmed the lack of
Cre-mediated deletion in either thymus or spleen, and confirmed
that the phenotypes we observed in these organs were secondary
to that of the primary podocyte injury caused by loss of KANSL2
or KANSL3.

To assess the morphology of podocyte foot processes during
early stages of disease progression, morphological analyses were
done at higher magnification using an electron microscope at 3
weeks of age to look at individual glomeruli as well as podocytes.
Scanning electron microscopy (SEM) revealed a simplification of
the interdigitation pattern between the foot processes of neighbor-
ing podocytes in both Kansl2-pKO and Kansl3-pKO glomeruli
(Fig. 1H, top panel). Transmission electron microscopy (TEM)
further revealed the effacement of podocyte foot processes, a hall-
mark of podocytopathy, as well as a reduction in the density of slit
diaphragms in Kansl2-pKO and Kansl3-pKO mice (Fig. 1, H,
bottom panel, and I). These observations confirmed that the NSL
complex members KANSL2 and KANSL3 are important in podo-
cyte homeostasis and that the removal of these proteins causes
primary podocytopathy.

Podocyte-specific loss of KANSL2 and KANSL3 causes
down-regulation of genes related to cilia and microtubule-
based transport
To identify the molecular changes associated with the severe phys-
iological phenotype observed following podocyte-specific deletion
of the NSL complex, we performed transcriptome analyses on po-
docytes isolated from these mice. To genetically label the podocytes,
we crossed nCre, Kansl2-pKO, and Kansl3-pKO mice with mTmG
reporter mice (27). We then sorted podocytes with fluorescence-ac-
tivated cell sorting (FACS) and performed RNA sequencing (RNA-
seq) (Fig. 2A). Interactive Genome Viewer (IGV) tracks and
Western blot confirmed a complete knockout (KO) of either
KANSL2 (fig. S1, D and F) or KANSL3 (fig. S1, E and G) in the re-
spective models. As shown by the principal components analysis
(PCA), Kansl2-pKO and Kansl3-pKO podocytes showed similar
molecular signatures but were distinct from nCre (fig. S2A). Podo-
cytes isolated from Kansl2-pKO and Kansl3-pKO mice displayed
4441 and 4304 deregulated genes, respectively (Fig. 2B, fig. S2B,
and tables S1 and S2). Podocyte cell identity was maintained
despite the substantial transcriptome changes, as expression of
characteristic podocyte cell markers including Wt1, Cd2ap, Podxl,
Pdpn, Actn4, Nphsl, Nphs2, and Synpo remained mostly unaffected
(tables S1 and S2).

We next asked whether the dysregulated genes have any concert-
ed biological functions by conducting unbiased geneset enrichment
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Fig. 1. KANSL2 and KANSL3 depletion causes severe glomerulopathy. (A) Kans2"" and Kans/3"" mice were crossed to nCre mice to generate podocyte-specific
Kansl2 (Kansl2-pKO) or Kansl3 (Kansl3-pKO) KO mice. When necessary, mice were further crossed with mTmG mice to genetically label podocytes. (B) Urinary albumin:
creatinine ratios from nCre, Kans|2-pKO, and Kansl3-pKO mice (n = 3 to 15 per group per time point). Data are presented as means + SEM and were analyzed using the
Kruskal-Wallis test followed by Dunn's multiple comparisons as post hoc test. (C) Body weight of nCre, Kansl2-pKO, and KansI3-pKO mice (n = 3 to 20 per group per time
point). Data are presented as means + SEM and were analyzed using the ordinary one-way analysis of variance (ANOVA) followed by Tukey's multiple-comparison test. (D)
Kaplan-Meier survival curve of nCre, Kansl2-pKO, and KansI3-pKO mice (n = 10 to 13). Data were analyzed by the log-rank (Mantel-Cox) test. (E) Representative photo of
kidney (top) and body (bottom) from 6-week-old littermate control (left) and Kansl2-pKO (right) mice (scale bar, 1 cm). (F and G) PAS (F) and Sirius red (G) staining of
kidney sections from 6-week-old nCre, Kans|2-pKO, and Kansl3-pKO mice [glomerulosclerosis (asterisks), tubular protein casts with tubular dilatation (arrows); scale bar,
100 pm]. (H) SEM (top) and TEM (bottom) of nCre, Kansl2-pKO, and KansI3-pKO kidneys. (Top) Simplification of the secondary foot process pattern was evident in both
Kansl2-pKO and KansI3-pKO glomeruli by 3 weeks of age [podocyte cell body (asterisk), primary foot process (+), secondary foot process (cyan and magenta; —), slit
diaphragms (yellow); scale bar, 1T um]. (Bottom) Foot process effacement results in a reduction of slit diaphragms in both Kansl2-pKO and KansI3-pKO glomeruli [sec-
ondary foot process (cyan and magenta, —), slit diaphragms (arrows); scale bar, 250 nm]. (1) Quantification of TEM in (H) (n = 90 micrographs quantified, n = 3 glomeruli per
mouse per genotype). Data were analyzed using the ordinary one-way ANOVA followed by Tukey's multiple-comparison test.
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Fig. 2. NSL complex depletion leads
to down-regulation of genes in cilia-
and microtubule-related pathways.
(A) Model for isolation of podocytes
genetically tagged with mTmG. (B)
Volcano plot showing the number of
differentially expressed genes in Kansl2-
pKO versus nCre podocytes [false dis-
covery rate (FDR) < 0.05, log2[fold
change] > |0.5]]. (C) Heatmap of nor-
malized expression score (NES) from all
cilia- and microtubule-related GO-BP
terms that appear in the GSEA analysis
of either Kansl2-pKO or Kansl3-pKO po-
docytes. (D) Heatmap of z scores from
genes in the GO term intraciliary trans-
port in podocytes. (E) Western blot of
KANSL2, KANSL3, and IFT proteins on
lysates of podocytes. The red arrowhead
points to the specific KANSL3 band. The
same Western blot is shown in fig. STF.
(F) Model for isolation and culture of
MEFs. (G) Volcano plot showing the
number of differentially expressed
genes in Kansl2-iKO MEFs versus the
Kansl2-iWT controls (FDR < 0.05,
log2[fold change] > |0.5]). (H) Heatmap
of NES from all cilia- and microtubule-
related GO-BP terms that appear in the
GSEA analysis of either Kansl|2-iKO or
Kansl3-iKO MEFs. (I) Heatmap of z scores
from genes in the GO term intraciliary
transport in MEFs. (J) Western blot of
KANSL2, KANSL3, and IFT proteins on
MEF lysates. The red arrowhead points
to the specific KANSL3 band. (K and L)
Venn diagram showing down-regulated
genes (FDR < 0.05, log2[fold change] <
0) in both Kansl2-pKO mouse podocytes
and KANSL2-KD human THP-1 cells (K),
or in both Kansl3-pKO podocytes and
KANSL3-KD THP-1 cells (L). (M) Heatmap
of z scores from genes in the GO term
intraciliary transport in THP-1 cells. (N)
Volcano plot of proteomics data com-
paring KANSL2-KD versus control THP-1
cells. Proteins within the GO term in-
traciliary transport as well as KANSL2 are
annotated and highlighted in red. (0)
gRT-PCR of intraciliary transport genes
in HK-2 cells transfected with siCTRL or
siKANSL2 siRNA (n = 3 per group). Data
are presented as means + SEM and were
analyzed using a two-tailed Student’s

t test.

analysis (GSEA). We focused on the gene ontology (GO) terms with
a negative normalized enrichment score (NES), as they were most
likely to represent direct targets of the NSL complex, a transcrip-
tional activator. GSEA revealed that GO terms related to cilia
were among the most down-regulated terms in both Kansl2-pKO
and Kansl3-pKO podocytes (fig. S2, C and D). This result was
totally unexpected, since the terminally differentiated podocytes
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have been reported to lack cilia (42). Furthermore, the NSL
complex has not been implicated in regulating transcription of
cilia-related genes previously. Since cilia are microtubule-enriched
structures, we compared all the GO terms related to cilia and micro-
tubules that appeared in either the GSEA for Kansl2-pKO or
Kansl3-pKO (Fig. 2C). We observed very similar GO terms in
both KOs, although in general more down-regulated terms as well
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as a more negative NES were observed in Kansl2-pKO compared to
Kansl3-pKO, consistent with the animal phenotypes observed
earlier. Using an alternative approach, we asked how many down-
regulated genes overlapped between Kansl2-pKO and Kansl3-pKO
and what their functions were, as these genes are more likely to con-
tribute to the phenotype (fig. S2E). A total of 1592 (~70%) genes
were down-regulated in both Kansl2-pKO and Kansl3-pKO podo-
cytes. Analysis of this gene set revealed significant enrichment for
multiple GO terms related to cilia-related functions. Together, this
confirmed that depletion of either the NSL complex member
KANSL2 or KANSL3 in podocytes leads to transcription down-reg-
ulation of cilia-related genes.

We were very intrigued by the finding that the NSL complex reg-
ulated cilia-related genes in nonciliated podocytes. A large number
of genes are involved in cilia formation and its regulation, some of
which could be associated with a wide variety of cellular functions
outside of their ciliary contexts (43, 44). As the cilia-related terms
scored in our GSEA analysis include genes with functions as dispa-
rate as cilium organization and microtubule-based transport, we
wanted to stratify them to try to get a more detailed insight into
which specific cilia-related functions were most affected by podo-
cyte-specific Kansl2 and Kansl3 KO. To achieve this, we first gener-
ated a heatmap comparing all genes in the more inclusive term
“Cilia organization” (fig. S2F). Hierarchical clustering revealed
that cluster 2 (n = 155) displayed a Kansl2-pKO- and Kansl3-
pKO-specific loss of gene expression. Enriched GO terms analysis
of cluster 2 revealed enrichment of multiple terms related to protein
transport, including the GO term "“intraciliary transport” (fig. S2G),
which was also present in earlier analyses (Fig. 2C and fig. S2, C to
E). Most genes in the GO term intraciliary transport are down-reg-
ulated in Kansl2-pKO and Kansl3-pKO podocytes (Fig. 2D). This
included genes encoding components of the intraflagellar transport
(IFT) complexes, such as Ift81, Ift57, and Ift88. The NSL complex—
mediated transcriptional down-regulation of these genes is also re-
flected in the reduction of these components at the protein level
(Fig. 2E). We observed that the removal of KANSL2 also leads to
a reduction of KANSL3 at the protein level, although Kansl3 is tran-
scriptionally unaffected in Kansl2-pKO podocytes. To conclude, the
removal of KANSL2 or KANSL3 in podocytes led to a large-scale
transcriptomic down-regulation of multiple cellular processes,
with genes involved in intraciliary transport showing the most
prominent and consistent effect in both pKOs.

Transcriptional regulation of intraciliary transport genes is
a core function of the NSL complex in both actively dividing
and postmitotic cells

The NSL complex had been shown previously to be capable of reg-
ulating both ubiquitous and cell type—specific genes (45). We there-
fore wondered if the observed down-regulation of intraciliary
transport genes upon ablation of NSL complex members was spe-
cific to gostmitotic podocytes. To this end, we generated MEFs from
Kansl2M (Kansl2-iWT), Kansi2™ Cag-Cre-ERTZT/+ (Kansl2-
iKO), Kansi3"! (Kansl3-iWT), and Kansi3"1 Cag-Cre-ERTZT/+
(Kansl3-iKO) embryos where Cre expression can be induced by
4-hydroxy-tamoxifen treatment (4OHT) (Fig. 2F). MEFs of each
genotype were treated with 2 uM 4OHT for 4 days to induce KO.
RNA-seq experiments again revealed a strong transcriptomic per-
turbation upon removal of either KANSL2 or KANSL3 (Fig. 2G;
fig. S3, A and B; and tables S3 and S4). By GSEA analysis, we
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again identified down-regulation of cilia- and microtubule-related
GO terms in MEFs, including intraciliary transport (Fig. 2H). We
next overlapped the genes down-regulated in both Kansl2-iKO and
Kansl3-iKO MEFs with those deregulated in both Kansl2-pKO and
Kansl3-pKO podocytes (fig. S3C). Genes down-regulated preferen-
tially in podocytes were enriched for noncoding RNA processing,
while those specifically down-regulated in MEFs were enriched
for cell cycle-related processes, consistent with our previous
report that the NSL complex is important for cell cycle progression
in actively dividing cells (fig. S3, D and E) (27, 46). The GO term
intraciliary transport, along with other cilia-related terms, was en-
riched among the down-regulated genes shared between both cell
types (fig. S3F). Finally, by plotting the differential expression
data obtained in MEFs according to the gene order (dendrogram)
generated through clustering of the podocyte expression data, it was
revealed that genes within the GO term intraciliary transport are
down-regulated in a similar manner in podocytes and MEFs
(Fig. 2I). This down-regulation was not only evident at the RNA
level, as we also found that the levels of several IFT proteins were
markedly reduced in Kansl3-iKO MEFs (Fig. 2] and fig. S3G). In
contrast to the loss of KANSL3 protein in Kansl2-pKO podocytes,
KANSL2 protein was unaffected in Kansl3-iKO MEFs. Together, we
concluded that while the NSL complex takes on an additional func-
tion in MEFs by regulating cell cycle-related genes, its core and con-
served function in both dividing and postmitotic primary cell types
is the transcriptional regulation of ciliary genes.

Transcriptional regulation of intraciliary transport genes is
evolutionarily conserved between mouse and human

Cilia are essential components of almost all cells in the human body.
Consequently, when ciliary function is impaired, it can affect
various tissues and lead to diverse phenotypic outcomes, encom-
passing both isolated organ diseases and complex multisystem dis-
orders (43, 47). As the NSL complex components are conserved
between mouse and human, we next wondered if the NSL
complex—mediated transcriptional regulation of the intraciliary
transport genes is also conserved. To this end, we obtained pub-
lished RNA-seq data of KANSL2 knockdown (KANSL2-KD),
KANSL3 knockdown (KANSL3-KD), and control human THP-1
cells from GSE158521 (48). We first compared the down-regulated
genes between the published dataset and our podocyte dataset and
found a substantial overlap between the two datasets (Fig. 2, K and
L), suggesting that the NSL complex targets are conserved between
human and mouse. Most genes in the GO term intraciliary trans-
port are again down-regulated in KANSL2-KD and KANSL3-KD
THP-1 cells as compared to control (Fig. 2M). Proteomics data
from KANSL2-KD THP-1 cell show that of the 19 detected proteins
from the GO term intraciliary transport, 10 were significantly
down-regulated at the protein level (Fig. 2N) (48). Finally, we per-
formed small interfering RNA (siRNA)-mediated knockdown on
human proximal tubule HK-2 cells, a cell line often used to study
cilia components and ciliopathy proteins, and found a similar
down-regulation of genes encoding for intraciliary transport com-
ponents (Fig. 20) (49-51). Together, we confirmed that the NSL
complex—mediated transcriptional regulation of intraciliary trans-
port genes is evolutionarily conserved between mouse and human.
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NSL complex depletion causes disappearance of primary
cilia in ciliated cells

Proper control of ciliary genes is particularly important in ciliated
cell types, where cilia act as signaling hubs. Furthermore, mutations
in genes affecting cilia functions cause ciliopathies (43, 47). On the
other hand, classical cilia-related genes have also been implicated in
extraciliary functions, which are likely to be more prominent in
nonciliated cells. The finding that the NSL complex regulates intra-
ciliary transport genes irrespective of whether the cell type of inter-
est is ciliated or not is interesting and calls for further investigation
of the potential cilia-independent function of these gene products.
Therefore, we decided to compare the functional outcome of this
transcriptional regulation in ciliated versus nonciliated cells.
MEFs have been used as a cell culture model to study the function
of important ciliary genes on primary cilia (52-54). We wondered if
the loss of the NSL complex would result in the loss of cilia or cilia-
related functions in MEFs. We induced formation of cilia in Kansl2-
iWT or Kansl2-iKO MEFs after 4OHT treatment. Strikingly, we ob-
served a strong and significant difference in the percentage of cili-
ated cells (Fig. 3A and fig. S3H). As primary cilia play an important
role in the activation of the shh signaling pathway in mammalian
cells, we next wondered if this pathway would be abrogated in the
Kansl2-iKO cells (53-55). Treatment with SAG, a shh pathway
agonist, triggered up-regulation of shh targets Glil and Ptchl in
Kansl2-iWT MEFs but failed to elicit a response in Kansl2-iKO
MEFs (Fig. 3B). Collectively, these experiments revealed that NSL
complex—mediated transcriptional regulation of intraciliary trans-
port genes is important for cilia assembly and cilia-dependent func-
tions in MEFs.

Establishment of an antibody-based FACS protocol to
culture primary podocytes

To further study the causative functions of NSL complex—mediated
transcriptional changes in podocytes, we established a primary po-
docyte culture system. Published primary podocyte culture systems
rely on genetic tagging of the podocyte lineage by crossing Nphs2-
Cre with the mTmG reporter (56-58). Because of the early onset of
the phenotype in our Kansl2-pKO mice, we attempted to isolate and
culture primary podocytes from 1-week-old mice before the onset
of the phenotypes described earlier. However, after 7 days in culture,
we only observed a mild down-regulation of Kansl2 in FACS-sorted
GFP" cells instead of a complete KO (fig. S4A). This might be ex-
plained by low Nphs2 expression in podocyte culture compared to
podocytes in vivo, resulting in insufficient Cre expression for the
complete excision of both KansI2 alleles in culture (59). To circum-
vent this issue, we developed an antibody-based strategy to isolate
primary podocytes from mouse models in which expression of Cre
would not be affected by placing the cells in culture. We enriched
for glomeruli by differential sieving of kidneys dissected from 7- to
10-day-old Kansl2-iWT and Kansl2-iKO mice (fig. S4B). To distin-
guish between podocytes and potential contamination from parietal
epithelial and remaining tubular cells, a FACS strategy for
Podoplanin® and Prominin1~ cells was established (fig. S4C). Podo-
planin had previously been shown to be a cell surface marker useful
for sorting of podocytes, while Prominin1 has previously been dem-
onstrated to mark the parietal epithelial and tubular cells (57, 60—
64). Podoplanin*Promininl~ cells showed >10-fold higher expres-
sion of Wt1, the master transcription factor of podocytes, than
Podoplanin'Promininl* cells (fig. $4D). Furthermore, the FACS
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strategy strongly enriched for WT1-positive cells as validated by im-
munofluorescence (fig. S4, E and F).

Kansl2-iWT and Kansl2-iKO podocytes were subjected to
40HT treatment for 4 days to induce Kansl2 deletion. Similar to
the podocytes isolated from Kansl2-pKO mice, analysis of cultured
KansI2-iKO podocytes showed decrease of both mRNA and protein
levels of genes within the GO term intraciliary transport (fig. S5, A
to C). This further verified that the regulation of these genes by the
NSL complex in podocytes was cell intrinsic. In contrast, deletion of
Kansl2 in cultured podocytes had no effect on either the RNA or
protein levels of WT1 (fig. S5, A to C), an important indication
that the podocyte cell identity was maintained after induction of
KO in culture.

NSL complex depletion causes alteration of microtubule
dynamics in cultured podocytes

Mature podocytes have been shown to lack cilia and shh pathway
response (42, 65). We confirmed that the cultured podocytes simi-
larly lacked cilia and SAG treatment could not elicit a shh pathway
response (Fig. 3, C and D). While canonical IFT protein complexes
form within the context of cilia, others have shown that some IFT
proteins retain their interactions in an extraciliary context (44).
Therefore, we wondered if these proteins work independently or co-
operatively in nonciliated podocytes. Despite the absence of cilia,
coimmunoprecipitation of IFT complex proteins, IFT81 and
IFT57, shows that both can interact with each other as well as
with IFT88, indicating that some of these proteins might still
form complexes with each other outside of the context of cilia
and perform extra-ciliary functions in podocytes (Fig. 3E).

As cytoskeletal proteins are critical in enabling podocytes to
carry out their filtration function and their abrogation is linked to
podocytopathy, we wondered if we could observe cytoskeletal
defects upon Kansl2 deletion (29, 35). We first compared the
tubulin and actin cytoskeleton networks in Kansl2-iWT and
Kans]2-iKO cultured podocytes and observed no marked difference
at steady state (fig. S5D). However, we observed a decrease of both
K40-acetylation and detyrosination of a-tubulin upon Kansl2-iKO,
indicating potential alteration in microtubule dynamics in these
cells (Fig. 3F and fig. S5E). Since the microtubule cytoskeleton is
the primary structural constituent of both cilia and podocyte
primary processes, we reasoned that deregulation of intraciliary
transport genes upon KANSL2 loss may affect microtubule dynam-
ics and/or microtubule-based transport. TTC21B, also known as
IFT139, an IFT complex member, has recently been shown to be
critical for podocyte functions, and its mutation is implicated in
human primary focal segmental glomerulosclerosis (FSGS) (66).

We next challenged the microtubule network of the cells by
treatment with nocodazole, a microtubule depolymerization
agent. Immunofluorescence revealed a delay in repolymerization
of microtubules after the removal of nocodazole in Kansl2-iKO po-
docytes compared to controls (Fig. 3G and fig. S5F). Alteration of
microtubule dynamics has previously been demonstrated to affect
podocyte cell migration, which in turn has been linked to podocyte
foot process effacement in vivo (67, 68). In accord with this, we per-
formed migration assays and observed a delay in cell migration by
Kansl2-iKO podocytes (Fig. 3H and fig. S5G). Finally, using an
albumin influx assay, we found that Kansl2-iKO showed greater
albumin influx across the podocyte monolayer. This suggests a
functional impairment of the podocyte filtration barrier in cultured
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Fig. 3. Microtubule-related defects A DAPI

caused by KANSL2 depletion in ciliated ac-a-Tubulin ROI
and nonciliated cells. (A) Immunofluor-
escence of ac-a-tubulin as a readout of cilia
in MEFs. Arrowheads point to cilia. See fig.
S3H for quantification. (B) gRT-PCR of shh
pathway genes in Kansl2-iWT and Kansl2-
iKO MEFs (n = 3 per group). Data are pre-
sented as means + SEM and were analyzed
using two-way ANOVA followed by Tukey's
multiple-comparison test. (C) Immu-
nofluorescence of ac-a-tubulin in podo-
cyte culture. No obvious cilia structures
were observed. (D) qRT-PCR of shh
pathway genes in Kansl2-iWT and Kansl2- 04m
iKO podocytes. SAG treatments failed to C

Kansl2-iWT

MEFs

Kansl2-iKO

Kans|2-iWT

induce the shh response even in Kansl2- DAPI
iWT podocytes (n = 3 per group). Data are ac-o-Tubulin ROI
presented as means + SEM and were ana-
lyzed using two-way ANOVA followed by
Tukey's multiple-comparison test. (E)
tion of IFT81 and IFT57 in WT podocytes.
(F) Western blot of tubulin modifications in
Kans|2-iWT and KansI2-iKO podocytes. See ==
fig. S5E for quantification. (G) Experimental
model (left) and immunofluorescence E P F
(right) of tubulin repolymerization assay

& >
Kansl2-iKO podocytes. (H) Migration assay N ‘QG & ¢
of KansI2-iWT and Kansl2-iKO podocytes.
See fig. S5G for quantification. (I) Experi- IFT88 100  o-TubK40ac
mental model (left) and albumin influx — 100
assay (right) in Kansl2-iWT and Kansl|2-iKO IFT81 4 o-Tub-detyro
podocytes (n = 4 per group). Data are -
presented as means + SEM and were ana- IFT57 50 o-Tubulin
lyzed using a two-tailed Student's t test.
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Kansl2-iKO podocytes similar to that observed in vivo (Fig. 31). To- The NSL complex directly regulates intraciliary transport

gether, our primary podocyte culture data suggest that NSL genes via H4K5ac and H4K12ac

complex—mediated transcriptional deregulation led to changes in ~ We next investigated if the deregulation of IFT genes was a direct

microtubule dynamics and impaired functions in podocytes, mo-  consequence of NSL complex depletion in podocytes. To this end,

lecular phenotypes that likely contributed to the emergence of po-  we generated chromatin binding profiles of NSL members MOF

docytopathy in vivo. and KANSL3 by chromatin immunoprecipitation sequencing
(ChIP-seq) using the RELACS protocol in ex vivo WT podocytes
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isolated as described in Fig. 2A (69). MOF and KANSL3 were
strongly enriched around the promoter regions of commonly differ-
entially down-regulated genes in both Kansl2-pKO and Kansl3-
pKO as identified earlier in fig. S2D compared to a control group
of random genes (Fig. 4A). This confirmed the direct regulation
of most of these genes by the NSL complex. Similar enrichment
was observed on genes in the GO term intraciliary transport
when compared to the control group, indicating a direct involve-
ment of NSL complex in the regulation of intraciliary transport
genes (Fig. 4, B and C).

Although the NSL complex has been shown to acetylate H4K5ac,
H4K8ac, H4K12ac, and H4K16ac in vitro, how the cellular context
and cell identity influence target choice is not well understood (12,
13, 48). We wondered if the loss of NSL complex components led to
a reduction in acetylation of these H4 residues in podocytes. We
first performed Western blot and found no obvious bulk changes
of either H4K5ac, H4K12ac, or H4K16ac when normalized to H4
level (fig. S5, H and I). This is expected, as H4K5ac and H4K12ac
can be acetylated by other HATSs, while H4K16ac is majorly medi-
ated by MOF via the MSL complex (22, 48, 70-74). We reason that
local changes of histone acetylations might not be reflected on the
global level through Western blot. Therefore, we performed the first
and most comprehensive analysis of H4 tail acetylation in ex vivo
podocytes to date. Strikingly, Kansl2-pKO podocytes displayed sig-
nificant loss of H4K5ac and H4K12ac at transcription start sites
(TSS) of intraciliary transport genes (Fig. 4, D and E). In contrast,
depletion of KANSL2 had no effect on H4K16ac levels at intraciliary
transport genes in podocytes (Fig. 4F). These results agreed with
studies showing that MOF catalyzes predominantly H4K5ac and
H4K12ac through the NSL complex and H4Kl6ac primarily
through the MSL complex (13, 48). H3K9ac, a mark not deposited
by the NSL complex, was unaffected by the loss of KANSL2
(Fig. 4G). Finally, histone marks associated with active promoters
such as H3K4me3 and H3K27ac also showed a significant decrease
at intraciliary transport genes upon loss of KANSL2, confirming
that loss of H4K5ac and H4K12ac caused by KANSL2 depletion is
accompanied by an altered chromatin landscape and transcription
down-regulation of these genes (Fig. 4, H and I).

KANSL2 protects the integrity of the NSL complex

Despite its importance, the function of KANSL2 within the context
of the NSL complex is not well defined. Our earlier findings that
KANSL2 removal led to a stronger mouse phenotype than
KANSL3 call for further investigation of its exact molecular func-
tion within the NSL complex. KANSL2 contains two uncharacter-
ized double zinc finger (ZF-ZF) domains, a DLDV-containing
domain that has been shown to interact with KANSLI through
WDRS5 in vitro, and a putative mitochondria-targeting sequence
in the N terminus (Fig. 5A) (15). We generated lentiviral-based
overexpression constructs of KANSL2 and various KANSL2
mutants harboring deletion or replacement of some of these
domains (Fig. 5A). To gain an understanding of which domains
were the most important for the transcriptional regulation of intra-
ciliary transport genes, we overexpressed these constructs in
Kans]2-iKO podocytes and conducted quantitative reverse tran-
scription polymerase chain reaction (QRT-PCR) analysis to see if
the overexpression of the different KANSL2 constructs could
rescue the transcriptional defects (Fig. 5, B and C, and fig. S6A).
The WT KANSL2 construct rescued the transcriptional down-
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regulation of intraciliary transport genes, confirming that the NSL
complex—mediated transcriptional defect resulting from Kansi2 de-
letion was KANSL2 dependent (Fig. 5C). Furthermore, the WT
KANSL2 construct restored H4K5ac and H4K12ac at the TSS of
the intraciliary transport genes compared to a control group of
random genes (Fig. 5, D and E). The transcriptional rescue of
these genes is also reflected in the restoration of these components
at the protein level (Fig. 5F, lanes 2 and 3, and fig. S6B). Constructs
lacking either the N-terminal (AN) or C-terminal (AC) domains or
in which the DLDV (ADLDV) or 1st ZF-ZF (Alst ZF) domains were
replaced with a flexible linker show similar rescue activity as the WT
KANSL2 construct, suggesting that each of these domains was dis-
pensable for the transcriptional regulation function of the NSL
complex at intraciliary transport genes (Fig. 5C). However, a
KANSL2 mutant lacking the 2nd ZF-ZF domain (A2nd ZF) failed
to rescue expression of Ift genes at both the RNA and protein levels
(Fig. 5, Cand F, lanes 2 and 4, and fig. S6B). Together, this identified
the 2nd ZF-ZF domain as an important component of KANSL2 es-
sential to NSL complex function.

Zinc fingers have previously been shown to act as mediators of
protein-protein interactions, which can fine-tune functions of chro-
matin-modifying complexes including HAT complexes (75). The
2nd ZF-ZF of KANSL2 represents a previously uncharacterized
class of zinc finger and is evolutionarily conserved. It shares simi-
larity with the ZF-ZF of INO80D, member of the INO80 chroma-
tin-modifying complex, which has previously been shown to
interact with the NSL complex (12, 45). We therefore wondered if
the 2nd ZF-ZF could be a mediator of protein-protein interaction.
We discovered that the KANSL2-A2nd ZF mutant failed to interact
with the rest of the NSL complex proteins, suggesting the impor-
tance of its presence in mediating interaction between KANSL2
and the NSL complex (Fig. 5G). Loss of KANSL2 led to reduced
protein levels of other NSL complex members, although they were
transcriptionally unaffected (Fig. 5H, fig. S6C, and table S1). This
suggests that the loss of KANSL2 destabilized the rest of the NSL
complex. Overexpression of WT KANSL2 could partially rescue
the protein expression of the NSL complex members, while the
KANSL2-A2nd ZF mutant failed to do so, further verifying the im-
portance of the 2nd ZF-ZF domain in NSL complex stability (Fig. 51
and fig. S6D). Zinc fingers are also well known for their DNA
binding property, while it was not clear if KANSL2 had DNA
binding ability. We therefore purified MBP-KANSL2-3xFlag and
conducted electromobility shift assay with MBP-KANSL3-3xFlag
and MBP-3xFlag acting as positive and negative controls, respec-
tively (fig. S6, E and F) (18). We found no evidence of DNA
binding for KANSL2 in our in vitro assay. This further confirmed
that the primary function of the 2nd ZF-ZF domain is protein-
protein interaction. Finally, the alterations in tubulin posttransla-
tional modification state caused by KANSL2 deletion can also be
partially rescued by ectopic expression of the WT but not
KANSL2-A2nd ZF, consistent with the transcriptional rescue of
IFT genes and proteins (Fig. 5] and fig. S6G). Together, we provided
initial characterization of a previously undescribed zinc finger
domain and our results pointed to the importance of the 2nd ZF-
ZF domain of KANSL2 in mediating its interaction with the rest of
the NSL complex. The loss of this interaction caused instability of
the NSL complex and rendered it dysfunctional, leading to tran-
scriptional deregulation and the phenotypic manifestation observed
in podocytes.
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and were analyzed using a two-tailed Student’s t test).
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DISCUSSION

Proteins adapt to changes of cellular environment and perform dif-
ferent functions depending on the cellular context and localization.
For example, we have previously reported that NSL complex
members with known roles in transcriptional regulation in the
nucleus also localize to mitochondria or the mitotic spindle to
perform compartment-specific functions (13, 36). Here, we
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provide evidence that transcriptional regulation of ciliary gene net-
works is an evolutionarily conserved and core function of the NSL
complex. Misregulation of these genes, as a result of depletion of the
NSL complex members, led to diverse outcomes in different cell
types (Fig. 6, model). In ciliated MEFs, dysfunction of the NSL
complex led to the loss of cilia and shh pathway, whereas in non-
ciliated podocytes changes in microtubule dynamics and
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Fig. 6. NSL complex—-mediated regulation of Ift genes exhibits a bifurcation of functions to enable diversity of specialized outcomes in two differentiated cell
types. The evolutionary conserved NSL complex mediates transcriptional regulation of Ift genes via histone acetylations in both mouse and human cells. Depletion of the
NSL complex members KANSL2 or KANSL3, or expression of the KANSL2-A2nd ZF mutant, results in the loss of Ift gene expression. In ciliated cells, this leads to the loss of
cilia and the failure to induce shh pathways, while in nonciliated cells such as podocytes, this leads to altered microtubule dynamics, reduced albumin filtration and
decreased cell migration in vitro, as well as podocyte foot process effacement in vivo. Mice with podocyte-specific deletion of Kansl2 or Kansl3 suffer from glomerulo-

sclerosis and kidney failure, eventually leading to early lethality.

microtubule-related functions were observed. In vivo podocyte-spe-
cific deletion of Kansl2 and Kansl3 led to severe glomerulosclerosis,
eventually resulting in lethality. Given the demonstrated influence
of Ift genes on microtubule dynamics and cell migration in nonci-
liated cells (see later in Discussion) and the indispensability of a
properly organized microtubule cytoskeleton to the integrity of po-
docyte foot processes, we hypothesize that aberrant microtubule dy-
namics represent the most likely cause of the podocytopathy
observed upon the loss of NSL complex proteins in vivo. While
KANSL3 is capable of directly associating with microtubules
during mitosis, here we show that in postmitotic cells KANSL2
and KANSL3 regulate microtubule stability through transcriptional
regulation of microtubule-associated proteins. The NSL complex
therefore regulates microtubule functions via two completely differ-
ent mechanisms in mitotic versus interphase cells and is yet another
example of how proteins diversify their functions depending on cel-
lular status.

Our study reveals a critical role for intraciliary transport proteins
in nonciliated cells, a theme that has received relatively little atten-
tion. It came as a surprise when a missense mutation of the TTC21B
(also known as IFT139) gene was identified in seven families with
FSGS (66). However, the authors could confirm that the IFT139
protein was expressed in terminally differentiated podocytes
despite their unciliated status and could additionally show that
IFT139 changes its localization from the base of the primary
cilium in immature podocytes during early nephron development
to the extended microtubule network in fully differentiated nonci-
liated podocytes. Knockdown or the expression of a mutant form of
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IFT139 in podocytes led to microtubule organization defects, con-
firming a function of IFT139 in podocytes outside of the cilia
context (66). Another study providing evidence that IFT proteins
have functions outside of cilia established IFT88 as a centrosomal
protein regulating G;-S transition in nonciliated, actively dividing
HelLa cells (76). Other studies have discovered that certain IFT pro-
teins can have very specialized cell type—specific functions, such as
the formation of the immune synapse in T cells, or in vesicular
transport for postsynaptic dendrites in neurons (44, 77). The micro-
tubule repolymerization defects observed in Kansl2-iKO podocytes
in the current study were also previously observed in Ift52-deleted
cells, confirming that transcriptional down-regulation of Ift52 has
the capacity to produce marked changes in microtubule dynamics
(78). Furthermore, knockdown of IFT139 in podocytes has been
previously shown to lead to a decrease in cell migration, consistent
with the Kans]2-iKO phenotype observed in the current study (66).
The present study is therefore consistent with a growing body of lit-
erature pointing to the relevance of IFT proteins in nonciliated cells
such as podocytes. While other studies focused on individual Ift
genes, our work identified the NSL complex as a major transcrip-
tional regulator of these genes via H4 tail acetylation. In a series of
molecular events, the concerted loss of functions of the IFT proteins
translate into effects on microtubule cytoskeleton-based pheno-
types in nonciliated cells.

We have shown here that the transcriptional regulation of intra-
ciliary transport genes by the NSL complex is evolutionary con-
served from human to mouse. Therefore, the observation that the
loss of KANSL2 or KANSL3 results in podocyte foot process
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effacement may warrant further investigation of these proteins in
the context of human kidney diseases. In addition, the current
finding that the NSL complex mediates transcriptional regulation
of Ift genes in ciliated cells has substantial implications in human
disease contexts where cilia or cilia-dependent signaling pathways
play important roles. For example, members of the NSL complex
have been shown to be misregulated in different types of cancers
(11, 45, 79, 80). We show here that dysfunction of the NSL
complex causes loss of cilia and shh response, which makes it plau-
sible to expect that the deregulation or mutation of NSL proteins in
these cancers could drive shh-dependent phenotypic changes. Con-
sistent with this, while shh is known to facilitate cancer invasion in
the context of metastasis, KO of KANSL2 in cancer cells has been
shown to significantly impair cancer cell invasion (81, 82). In addi-
tion, human mutations of MOF and KANSLI have been associated
with multiorgan developmental syndromes (4, 8). Notably, patients
suffering from Koolen—de Vries syndrome (KANSLI haploinsufti-
ciency disorder) have developmental problems and symptoms in-
cluding septal heart defects, hydronephrosis, or duplex renal
system, all of which has previously been associated with the shh
pathways and the latter has also been shown in mice carrying
Ift25 and Ift27 null mutants (83—86). Our discovery that the NSL
complex is important for cilia-related gene expression could help
us better understand the pathogenesis of these disorders and is an
important path to pursue in the future.

Studies and resources on the role of epigenetic modulators in po-
docytes are relatively limited compared to other cell types (87, 88).
This might be partially due to the notorious difficulty to both isolate
and culture podocytes, a challenge that is further hampered by the
naturally limited number of podocytes in animal models (89). As a
result, it is difficult to conduct molecular analysis such as ChIP
where large amounts of input materials are required for traditional
methods. We provided here, to our knowledge, the first genome-
wide profiles for multiple histone modifications in podocytes di-
rectly isolated from mice. This includes traditional promoter and
enhancer markers H3K4me3 and H3K27ac, as well as the NSL
complex—related histone marks H4K5ac, H4K12ac, and H4K16ac.
These profiles will be valuable for the nephrology community
beyond the current study. Other HAT's and their related complexes,
such as the NuA4/TIP60 complex, have also been shown to acetylate
H4KS5, H4K12, and H4K16 in vitro (10, 70, 72, 73). However, in vivo
evidence showing that TIP60 is a major HAT for the aforemen-
tioned acetylations is rather limited. For example, TIP60 deletion
in Drosophila KC cells or in MEFs has no effect at either of these
acetylation sites, indicating that other HAT' are also contributing to
acetylation at these sites (71, 90). Nevertheless, further studies on
HATSs in the context of podocytes should be conducted. Finally,
we provided here first ex vivo evidence of H4K12ac loss upon the
deletion of NSL complex member KANSL2, thus confirming previ-
ous in vitro findings (13, 21).

Apart from an earlier study demonstrating the involvement of
the KANSL2 DLDV domain in mediating interaction with fellow
NSL complex member WDR5, the function of the other predicted
structural domains in KANSL2 have not been characterized (15).
We provide evidence that KANSL2 itself is important for the integ-
rity as well as the function of the NSL complex, and the 2nd ZF-ZF
domain of KANSL2 plays an important role in mediating its inter-
action with the rest of the NSL complex members. The 2nd ZF-ZF
domain is highly conserved among species and is structurally

Tsang et al., Sci. Adv. 9, eadh5598 (2023) 25 August 2023

similar to the ZF-ZF domain of INO80D. KANSL2 has been iden-
tified as an interaction partner of INO80E in a mass spectrometry—
based analysis in human cells (91). The importance of this interac-
tion and whether the interaction is mediated by the 2nd ZF-ZF of
KANSL2 should be further investigated in the future.

MATERIALS AND METHODS

Animals

All animal studies and experimental procedures were performed ac-
cording to the German animal care and ethics legislation and were
approved by the local government authority, the Committee on Re-
search Animal Care, Regierungsprasidium Freiburg (G-18/144).
The study is compliant with all relevant ethical regulations regard-
ing animal research. The Kansl2-floxed, Kansl3-floxed, and Nphs2-
Cre mouse strains have been previously described (26, 27). The Cag-
Cre-ERT2 and Gt(ROSA)26Sor M (ACTB-tdTomato, EGEP)Lu0/] (ofarred
to as mT/mG) mice were purchased from The Jackson Laboratory
(Bar Harbor, ME, USA). All mice were maintained on a C57BL/6
background and kept under a 14-hour light and 10-hour dark
cycle, and water and standard chow were available ad libitum. Gen-
otyping was undertaken through standard PCR using the primers
listed in table S5.

Albumin:creatinine ratio

Urine was collected once a week from week 1 to week 6. Urinary
albumin and creatinine were measured using the BCG Albumin
Assay Kit (Sigma, MAK124) and Creatinine (urinary) Colorimetric
Assay Kit (Cayman, 500701), respectively, according to the manu-
facturer's instructions.

Histology

Kidneys from 6-week-old Kansl2-pKO, Kansl3-pKO, and nCre
control mice were dissected, fixed in 4% paraformaldehyde (PFA)
in phosphate-buffered saline (PBS), dehydrated, and embedded in
paraffin. Sections (4 pum) were cut on a Leica microtome before
being further processed for PAS or Sirius red staining. The
images were captured with an Axioimager Apotome microscope
using Axiocam MRc color charge-coupled device (CCD) camera
(Carl Zeiss) and analyzed with the Axiovision software (Carl
Zeiss) for Axioimager Apotome.

Electron microscopy

For ultrastructural analysis by TEM, kidneys were fixed in 4% PFA
and 2% glutaraldehyde (Carl Roth, #4157) in 0.1 M cacodylate
buffer (Science Services, #11650). Samples were postfixed in 0.5%
osmium tetroxide (Science Services, #£19150) in double-distilled
water (ddH,O) for 60 min on ice and then washed six times in
ddH,O. The tissue was stained en bloc in 1% uranyl acetate solution
(Science Services, #E22400-1) for 2 hours in the dark and washed
two times in ddH,O. Dehydration was performed by sequential 15-
min incubation steps in 30%, 50%, 70%, 90%, and 2x 100% ethanol
(Fisher Scientific, #32205) and then 2x 100% acetone (Sigma-
Aldrich, #179124). After embedding in Durcupan resin (Sigma-
Aldrich, #44611 and #44612), ultrathin sections (55 nm) were per-
formed using a UC7 ultramicrotome (Leica), collected on Formvar-
coated (Science Services, #E15830-25) copper grids (Plano,
#G2500C). Poststaining was done for 1 min with 3% lead citrate
(Delta Microscopies, #11300). For SEM, the fixated samples were
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dehydrated in 70%, 80%, 90%, and 100% ethanol (each step for 1
hour at room temperature) and incubated in a 1:1 solution of
ethanol and hexamethyldisilazane (HMDS; Carl Roth, #3840.2)
for 30 min. After incubation in 100% HMDS, the solvent was
allowed to evaporate. The dehydrated tissue was mounted onto
sample holders and sputtered with gold using Polaron Cool
Sputter Coater E 5100 (92). Quantification of foot process efface-
ment was done by counting slit diaphragms in TEM micrographs
and setting the resulting numbers in relation to the length of the
basement membrane, resulting in a SD/um. In total, four different
glomeruli per mouse were analyzed, and for each genotype, three
mice were analyzed.

Ex vivo isolation of podocytes

Podocytes were isolated as described previously with modifications
(37). In brief, Kansl2-pKO, Kansl3-pKO, and nCre mice were
further crossed with mTmG mice to genetically label podocytes
with enhanced GFP (eGFP) (Fig. 1A). Three-week-old mice were
sacrificed, and their kidneys were dissected and minced. They
were then incubated in digestion solution for 15 min at 37°C [col-
lagenase II (300 U/ml) (Worthington), pronase E (1 mg/ml)
(Sigma), and deoxyribonuclease (DNase) I (50 U/ul) (Applichem)
in Hanks' balanced salt solution (HBSS)]. The digestion solution
was then passed through 100-um sieves twice, washed with HBSS,
and spun down. The pellets were resuspended and incubated again
in digestion solution for 40 min at 37°C. The digested solution was
again spun down and resuspended in Buffer ACK (Gibco,
A1049201) on ice for the lysis of red blood cells. After 5 min of in-
cubation, the resulting solution was spun down. The single cells
were resuspended in FACS buffer (0.2% FCS and 2 uM EDTA in
PBS) supplemented with 1:500 Zombie-NIR (BioLegend, 423105).
For DNA, RNA, or protein analysis, the cells were then passed
through a 35-pm cell strainer. GFP-positive cells were FACS-
sorted on a FACS MoFlo flow cytometer into ice-cold PBS supple-
mented with 2% FCS. For ChIP, after 10 min of Zombie-NIR stain-
ing, the cells were spun down and fixed in 1% PFA for 10 min at
room temperature. The fixed cells were then spun down, resuspend-
ed in FACS buffer, and passed through a 35-pm cell strainer. GFP-
positive cells were FACS-sorted on a FACS MoFlo flow cytometer
into ice-cold PBS. The cells were then pelleted by centrifugation
(1500 rpm, 5 min, 4°C), and the pellets were snap-frozen and
stored at —80°C.

MEF culture

MEFs were cultured from embryonic day 13.5 Kansl2™, Kansi2™"
Cag-Cre-ERT2"*, Kansl3"", and Kansl3"" Cag-Cre-ERT2"*
embryos as described previously (27). MEFs were maintained in
Dulbecco’s modified Eagle's medium (Gibco, 11960-044) supple-
mented with penicillin (100 U/ml) and streptomycin (100 pug/ml)
(Sigma, P4333), 1 mM sodium pyruvate (Gibco, 11360-039), 1x
GlutaMAX (Gibco, 35050-038), and 10% fetal calf serum (FCS).
To induce Kansl2 or Kansl3 deletion, MEFs were cultured in the
presence of 2 uM 4OHT (Sigma, SML1666) for 4 days. For the in-
duction of cilia, cells were cultured in reduced medium (0.25% FCS)
for 24 hours 3 days after the start of 4OHT treatment. For SAG treat-
ment, cells were treated with 200 nM of the shh pathway agonist
SAG (Merck, 566661) in reduced medium (0.25% FCS) for 24
hours 3 days after the start of 4OHT treatment.
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Primary podocyte cell culture

Seven- to 10-day-old Kansl2 ™" Cag-Cre-ERT2™* and littermate
control mice were sacrificed, and their kidneys were dissected and
minced. They were then incubated in digestion solution for 12 min
at 37°C [collagenase II (300 U/ml) (Worthington), pronase E (1 mg/
ml) (Sigma), and DNase I (50 U/ul) (Applichem) in HBSS]. The di-
gestion solution was then passed through sieves with decreasing
pore sizes (100, 70, and 40 pum), washed with HBSS, and spun
down. The glomeruli were resuspended in complete medium
[RPMI 1640 supplemented with penicillin (100 U/ml) and strepto-
mycin (100 pg/ml) (Sigma, P4333), 1x GlutaMAX (Gibco, 35050-
038), insulin-transferrin-selenium (10 ml/liter) (Corning, 25-800-
CR), and 10% FCS]. The cells were cultured at 37°C and 5% CO,
for 7 days. After 7 days, glomerular cells were FACS-sorted for Po-
doplanin-PE (phycoerythrin)—positive, Prominin1-APC (allophy-
cocyanin)—negative, and Zombie-NIR-negative live cells (tables
S7 and S8) and plated for downstream experiments. To induce
Kansl2 or Kansl3 deletion, podocytes were cultured in the presence
of 2 uM 4OHT for 4 days. For the induction of cilia, cells were cul-
tured in reduced medium (0.25% FCS) for 24 hours 3 days after the
start of 4OHT treatment. For SAG treatment, cells were treated with
200 nM of the shh pathway agonist SAG (Merck, 566661) in reduced
medium (0.25% FCS) for 24 hours 3 days after the start of 4OHT
treatment.

siRNA-mediated knockdown in human proximal tubule cell
line HK-2 cells

HK-2 cells were cultured in Dulbecco’'s Modified Eagle's Medium/
Nutrient Mixture F-12 (DMEM)/F12 (Gibco, 11330-032) supple-
mented with penicillin (100 U/ml) and streptomycin (100 pg/ml)
(Sigma, P4333), 1 mM sodium pyruvate (Gibco, 11360-039),
insulin-transferrin-selenium (10 ml/liter) (Corning, 25-800-CR),
5% FCS, and human epidermal growth factor (5 ng/ml) (STEM-
CELL Technologies, #78136). siRNA (10 nM) against human
KANSL2 (Sigma-Aldrich, SASI_Hs01_00247424) or Silencer Neg-
ative Control No. 2 (Thermo Fisher Scientific, AM4613) was trans-
fected using Lipofectamine RNAiMAX (Invitrogen, 13778-100)
according to the manufacturer’s protocol.

Microtubule repolymerization assay

Podocytes were plated on eight-well imaging chambers after FACS.
Four days after 4OHT treatment, cells were treated with 30 M no-
codazole (Abcam, 120630) for 4 hours at 37°C. Cells were then
washed with PBS, incubated at 37°C for 5 or 15 min, and then
fixed in —20°C 100% methanol for 10 min. Immunofluorescence
was carried out as described.

Migration assay

Podocytes were plated on two-well culture insert (ibidi, 81176) after
FACS. Four days after 4OHT treatment, a scratch was performed by
removing the culture insert. Image was captured at 0 and 24 hours
with a conventional CCD camera on a regular inverted cell culture
microscope with a 10x objective. Images were analyzed by the
Image] plugin “Wound healing size tool” (93).

Albumin flux assay

The permeability of the podocyte monolayer to albumin was mea-
sured as previously described (94). Briefly, podocytes were seeded in
the upper chambers of 3-m polycarbonate Transwell filters of a 24-
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well filtration microplate (Corning). Four days after 4OHT treat-
ment, cells were washed with PBS supplemented with 1 mM
MgCl, and 1 mM CaCl, to protect the cadherin-based junctions.
The top chamber was filled with 0.15 ml of complete medium,
and the bottom chamber was filled with 750 ul of complete
medium supplemented with bovine serum albumin (BSA; 40 mg/
ml). Two hours later, the medium from the upper chamber was col-
lected, and the albumin concentration was measured using the
Pierce Rapid Gold BCA Protein Assay Kit (Thermo Fisher Scien-
tific, A53225).

Lentivirus-mediated ectopic expression

WT FLAG-tagged KANSL2 as well as various KANSL2 mutants
(Fig. 5A) were cloned into the pCHDblast MCSNard plasmid
(Addgene vector no. 22661) using the Xba I and Not I cloning
sites. The “negative vector” contained a 22-base pair (bp) fragment
inserted into the same vector but lacked an open reading frame.
This vector contains a cytomegalovirus (CMV) promoter and a
blasticidin selection marker. Lentivirus was produced as previously
described, and MEFs or podocytes were infected 1 day after the start
of 4OHT treatment (22). Selection began 24 hours after infection
and was carried out over 2 days using blasticidin-HCI (2 ug/ml)
(Gibco, A11139-03).

Quantitative RT-PCR

For qRT-PCR analyses, RN A was extracted from ex vivo isolated po-
docytes or cultured podocytes using the Quick-RNA Microprep Kit
(Zymo, R1051). For MEFs, RNA was extracted using the Quick-
RNA Miniprep Kit (Zymo, R1055). Reverse transcription reactions
were carried out using the GoScript Reverse Transcriptase
(Promega, A5001) as per the manufacturer’s instructions. In
some experiments, Drosophila S2 cells RNA were added into the
reverse transcription reaction as spike-in. The transcript levels
were quantified using SYBR green chemistry on an LC480 instru-
ment (Roche). The primer sequences are provided in table S6.

Protein expression and purification

6His-MBP-hKANSL3-3xFlag, 6His-MBP-mKANSL2-3xFlag, and
6His-MBP-3xFlag control were expressed in the insect cell line
SF21 using the Invitrogen Bac-to-Bac system. Actively dividing
SF21 cells were transfected with gene constructs containing the re-
spective expression constructs. The cells were incubated at 27°C in
SF900 II-medium without serum and antibiotic for 72 hours. After
72 hours, the supernatant was collected as virus PO, which was then
used to infect SF21 cells again. Forty-eight to 72 hours after infec-
tion, the cells were harvested and virus P1-stock was collected. After
the last round of virus amplification, virus P2-stock was used to
infect 50 million cells of SF21. After 48 hours, cells were collected
and the pellet was lysed in HMG 150 buffer [25 mM Hepes (pH 7.6),
12.5 mM MgCl,, 10% glycerol, and 150 mM KCl] supplemented
with 0.2% NP-40 and Complete Protease Inhibitor (Roche).
Whole-cell extract was obtained using a Dounce homogenizer
with a tight pestle. After centrifugation at 4000 rpm at 4°C for 45
min, prewashed Flag M2 agarose gel (Sigma, A2220) was added to
the extract and incubated for 2 hours at 4°C on a rotating wheel. The
Flag-beads were washed three times with the HMG 150 buffer, and
elution was performed with 3xFlag-peptide (300 pg/ml) (Sigma,
F4799) in the same buffer for 1 hour at 4°C on a rotating wheel.
A fraction of the eluate was loaded on a Coomassie blue—stained
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polyacrylamide gel electrophoresis (PAGE) gel to check protein
quantity and quality. The eluate was snap-frozen in liquid nitrogen
and stored at —80°C for later use.

Electromobility shift assay

Cy3-labeled luciferase double-stranded DNA (dsDNA) was ampli-
fied from a firefly luciferase—containing plasmid using the Cy3-
labeled forward primer 5'-[Cy3]-TGCCTAAAGGTGTCGCTCTG
-3" and the unlabeled reverse primer 5-TCATCCCCCTCGGGTG
TAAT-3". dsDNA (100 fmol) was mixed with increasing amounts
of purified proteins. The reaction was conducted in 1x Assay
Buffer [50 mM tris-HCI (pH 8), 5% glycerol, 150 mM KCl, and
BSA (0.1 mg/ml)] for 30 min on ice. The samples were then
diluted with 6x Orange DNA Loading Dye (Thermo Fisher Scien-
tific, R0631) and loaded on a 2% agarose gel. The images were de-
veloped using Typhoon FLA 9500 (GE Healthcare) with the Cy3
channel at 900 V.

Immunofluorescence

Cells were fixed and permeabilized by either 100% methanol for 10
min at —20°C or 4% PFA in PBS for 10 min at room temperature
followed by 0.3% Triton X-100 in PBS for 10 min at room temper-
ature. Blocking was performed by incubation in 0.25% gelatine in
PBS for 1 hour at room temperature. The cells were then incubated
with the appropriate primary antibodies overnight at 4°C. After
three washes with PBS for 5 min at room temperature, cells were
incubated with appropriate secondary Alexa Fluor—conjugated an-
tibodies (table S7). For actin staining, Alexa Fluor 647 Phalloidin
(CST 8940s) was used together with the secondary antibodies
(table S8). The cells were then counterstained and mounted with
VECTASHIELD PLUS Antifade Mounting Medium with DAPI
(4',6-diamidino-2-phenylindole (Vector Laboratories, H-2000).
The images were captured with an LSM900 microscope equipped
with an Airyscan2 detector (Carl Zeiss) and analyzed with the
Zen Blue software (Carl Zeiss).

Cellular fractionation

Cell fractionation was undertaken using Subcellular Protein Frac-
tionation Kit for Cultured Cells (Thermo Fisher Scientific, 78840)
as per the manufacturer’s instructions (26).

Immunoprecipitation

Immunoprecipitation assays were carried out on cell lysates pre-
pared in HMGI150 buffer [25 nM Hepes (pH 7.6), 12.5 mM
MgCl,, 10% glycerol, 150 mM KCl, 0.5% Tween 20, and Protease
Inhibitor cOmplete Mini (Roche, 04693159001)]. For Flag-based
immunoprecipitation, each Flag immunoprecipitation was per-
formed with 100 pg of proteins and the Anti-Flag M2 Magnetic
Beads (Millipore, M8823) as per the manufacturer’s instructions.
Eluted samples were used for Western blot analysis. For antibody-
based immunoprecipitation, a 1:1 ratio of Sepharose protein A:
protein G beads (GE Healthcare, 17-5280-02 and 17-0618-05)
blocked with BSA (0.2 mg/ml) was used to preclear the cellular
lysates. Each immunoprecipitation was performed on 200 pg of
protein with 5 pg of IFT57, IFT81, or rabbit immunoglobulin G
(IgG) antibodies (table S7) overnight at 4°C. Following the immu-
noprecipitation, 100 pl of blocked protein A/G beads was added and
the mix was incubated for 1 hour at 4°C on a rotating wheel. The
mix was then washed three times in HMG150 (10 min each), and
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elution was performed by incubation in 50 pl of ROTI-load (Roth,
K929.1) for 5 min at 95°C. The eluted samples were then spun
down, and the supernatant was used for Western blot analysis.

Western blot

Western blot analyses were performed using standard methods.
Briefly, 10 to 20 ug of whole-cell lysates or 5 to 10 ug of cellular frac-
tions were run on a 4 to 12% gradient gel (Thermo Fisher Scientific)
and proteins were transferred to a polyvinylidene difluoride
(PVDF) membrane (Amersham, 10600021). The membrane was
blocked in 5% skim milk and incubated overnight with the appro-
priate primary antibody (table S7). After washing, the membrane
was incubated with the appropriate secondary horseradish peroxi-
dase (HRP)—conjugated antibody (table S7) and developed using
the Lumi-Light reagent (Roche, 12015200001) with detection of
chemiluminescence on a Bio-Rad Chemidoc XRS+ instrument.
Quantification and image analyses were carried out using the
Image Lab software (v5.2, Bio-Rad Laboratories) (26).

RNA sequencing

Ex vivo isolated podocytes

Podocytes were FACS-sorted as described earlier. To ensure consis-
tency and eliminate batch effect, RNA extractions were performed
simultaneously for all samples using the Quick-RNA Microprep Kit
(Zymo, R1051). The RNA quality was examined using the 5200
Fragment Analyzer (Agilent). Libraries were prepared using the
NEBNext Single Cell/Low Input RNA Library Prep Kit for Illumina
(NEB, E6420) and sequenced on the NovaSeq 6000 instrument (II-
lumina). Each condition was performed with four biological repli-
cates. Data processing, quality control, trimming, and mapping
were performed using snakePipes mRNA-seq pipeline (95). Differ-
ential expression analysis was performed using DESeq2 with a false
discovery rate (FDR) cutoff of 0.05 (96). GSEA and overrepresenta-
tion analysis were performed using the ClusterProfiler package in R
(97). Heatmaps of z score were generated using the pheatmap
package in R.

Mouse embryonic fibroblasts

WT and KO MEFs following 4 days of tamoxifen treatment were
directly lysed on plate with 300 pl of TRIzol (Thermo Fisher Scien-
tific, 15596018). To ensure consistency and eliminate batch effect,
RNA extractions were performed simultaneously for all samples
using the Quick-RNA Miniprep Kit (Zymo, R1055). The RNA
quality was examined using the 5200 Fragment Analyzer
(Agilent). Libraries were prepared using TruSeq Stranded Total
RNA Library Prep Gold (Illumina, 20020599) and sequenced on
the NovaSeq 6000 instrument (Illumina). Each condition was per-
formed with three biological replicates. Data processing, quality
control, trimming, and mapping were performed using snakePipes
mRNA-seq pipeline (95). Differential expression analysis was per-
formed using DESeq2 with an FDR cutoff of 0.05 (96). GSEA and
overrepresentation analysis were performed using the ClusterPro-
filer in R (97). Heatmaps of z score were generated using the pheat-
map package in R.

ChIP sequencing

Fixed WT podocytes were FACS-sorted as described earlier, snap-
frozen, and stored at —80°C until all samples were ready. MEFs in-
fected with lentiviral overexpression constructs were trypsinized
(trypsin-EDTA, Sigma T4049) and fixed in 1% PFA for 10 min at

Tsang et al., Sci. Adv. 9, eadh5598 (2023) 25 August 2023

room temperature. Fixed cell pellets were washed with PBS, snap-
frozen, and stored at —80°C until all samples were ready. Nuclei ex-
traction, quantification, barcoding, multiplexing, and ChIP were
performed using the RELACS protocol as previously described
(69). Libraries were prepared using the NEBNext Ultra II DNA
Library Prep Kit for Illumina (NEB, E7645) and sequenced on the
NovaSeq 6000 instrument (Illumina). The antibodies used are listed
in table S7. Each ChIP was performed with two biological replicates.
Data processing, quality control, trimming, mapping, and H3-nor-
malized coverage file were performed using snakePipes DNA-
mapping and ChIP-seq pipeline (95). Further analysis and plotting
were performed using deepTools (98). The output from “deepTools
- ComputeMatrix” was used for boxplots. For H4K16ac, which is
known for genebody enrichment, individual genes were fit into
1000 bins using the “ComputeMatrix-scale region” function of
deepTools. For all other marks, TSS + 500 bp were used.

Quantification and statistical analysis

Data are presented as means + SEM or as indicated in the figure
legends. The exact replicate numbers are mentioned in the respec-
tive method sections or figure legends. All statistical analyses were
performed using Prism 9 software (GraphPad) unless otherwise
specified. P values are shown directly. Nonsignificant P values are
either not labeled or labeled as “ns.” Details of statistical tests are
reported in the figure legends and/or figures.

Supplementary Materials
This PDF file includes:

Figs. S1 to S6

Legend:s for tables S1 to S8

Other Supplementary Material for this
manuscript includes the following:
Tables S1 to S8
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