


















endothelial-derived atrio–ventricular cushion contribute
to cardiac septation (Supplemental Fig. S12D,E; Burns
et al. 2016). The atrio–ventricular cushion was present
in E15.5 Cep97–/– embryos and in P0 Cep97–/– hearts
(Fig. 6B; Supplemental Fig. S12F). In contrast, dorsal mes-
enchymal protrusions were absent in Cep97−/− hearts

(Fig. 6B; Supplemental Fig. S12F). Thus, CEP97 is critical
for dorsalmesenchymal protrusion formation, involved in
atrio–ventricular septation.

Centrosomes and primary cilia are important for verte-
brateHH signaling (Huangfu et al. 2003; Corbit et al. 2005;
Rohatgi et al. 2007; Truong et al. 2021). HH signaling
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Figure 6. CEP97 regulates HH signaling and brain and heart development in mice. (A) Histology of Cep97–/– and littermate control
mouse hearts at P0. Asterisks indicate atrio–ventricular septal defect. Scale bar, 1 mm. (B) Alcian blue stain of E15.5 wild-type and
Cep97–/– embryos, counter stained with nuclear fast red. The dorsal mesenchymal protrusion is absent in theCep97–/– embryo (asterisk).
Scale bar, 500 µm. (C ) Hoechst (nuclei, blue) staining of E14.5 control and Cep97–/– embryonic frontal plane of the head. Scale bars, 500
µm. (D, top panel) Immunofluorescence images of sagittal sections of E9.5 control embryonic heart tube, stained for Hoechst (nuclei;
blue). The asterisk indicates the second heart field. (Bottom panel) Transcripts of HH signaling target genes Ptch1 (cyan), assayed by RNA-
scope, in the second heart field of Cep97–/– and littermate control mouse embryos at E9.5, and stained for Hoechst (nuclei; blue). Cells
were considered as HH signaling active if presented with two or more Ptch1mRNA fluorescence dots. The nuclei of cells in active/inac-
tive HH signaling state were outlined with dotted white/red lines, respectively. Scale bars: 100 µm; inset, 5 µm. (E) Quantification of the
percentage of cells in the second heart field of wild-type andCep97–/– mouse embryos at E9.5 that were in an active HH signaling state, as
in D. n= 3 embryos per genotype. (F ) Transcripts of HH signaling target genes, Gli1 and Ptch1, assayed by RNAscope, in the brains of
Cep97–/– and littermate control embryos at E11.5, and stained for Hoechst (nuclei, blue) andmembrane (Wheat GermAgglutinin, magen-
ta). Scale bars, 400 µm. (G) Quantification of fluorescence intensities ofGli1 and Ptch1 transcripts in the brains of wild-type andCep97–/–

mouse embryos at E11.5, as in F. n =3–4 embryos per genotype. (H) Transcripts of HH signaling target genes Gli1 and Ptch1, assayed by
RNAscope, in the zone of polarizing activity of the hindlimb of Cep97–/– and littermate control mouse embryos at E11.5, and stained for
Hoechst (nuclei; blue) and wheat germ agglutinin (membrane; magenta). Arrowheads indicate cells exhibiting active HH signaling. Aster-
isks indicate cells exhibiting inactive HH signaling. Scale bars, 20 µm. (I ) Transcripts of HH signaling target gene Ptch1, assayed by RNA-
scope, in the second heart field of Cep97–/– and littermate control mouse embryos at E9.5, and stained for CEP43 (centriole; magenta),
ARL13B (cilia; yellow), and Hoechst (nuclei; blue). Scale bars: 5 µm; inset, 2 µm. (J) Schematic illustrating that centriole length control
impacts ciliogenesis to support HH signal transduction and developmental patterning in the heart. Statistical significance was assessed
using a two-tailed unpaired t-test in E,G. A P-value of <0.05 was considered statistically significant. (∗) P <0.05, (∗∗) P <0.01. Data are rep-
resented as means ± SD.
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helps pattern the developing heart, neural tube and limb
bud (Dessaud et al. 2008; Goddeeris et al. 2008; Komada
et al. 2008; Briggs et al. 2016). HH signaling activates tran-
scription of genes such asGli1 and Ptch1. Single-molecule
in situ hybridization of Cep97–/– embryos for transcripts
of Gli1 and Ptch1 revealed that CEP97 was critical for
HH signal transduction in the second heart field, forebrain
and limb buds (Fig. 6D–H; Supplemental Fig. S13A). In
contrast, in the developing spinal cord, a tissue in which
CEP97 was dispensable for ciliogenesis, CEP97 was also
dispensable for HH signal transduction and developmen-
tal patterning (Supplemental Fig. S13B–D). Therefore,
CEP97 is important for HH-mediated development in se-
lect tissues (e.g., heart and brain) in which CEP97 is re-
quired for ciliogenesis.
Close inspection of Gli1 and Ptch1 expression revealed

that, even within the same Cep97–/– tissue, HH-respon-
sive and nonresponsive cells were intermingled (Fig. 6D;
Supplemental Fig. S13A). As we had found that centriole
overelongation in CEP97–/– RPE1 cells and in Cep97–/–

embryos was nonuniform (Figs. 2F–I, 5A–E), we hypothe-
sized that the Cep97–/– cells possessing overelongated
centrioles may also be the cells with abrogated HH re-
sponsiveness. To test this hypothesis, we combined im-
munofluorescent staining of centriole and cilia with
single-molecule in situ hybridization for HH target gene
Ptch1.
In the control Cep97+/– second heart field, cardiac pro-

genitors uniformly contained normal centrioles, pos-
sessed cilia, and expressed Ptch1, indicative of active
HH signaling (Fig. 6I). In contrast, in the Cep97–/– second
heart field, cardiac progenitors containing abnormally
long centrioles lacked cilia and showed abrogated HH sig-
nal transduction, whereas adjacent cells containing nor-
mal centrioles possessed cilia and showed active HH
signal transduction (Fig. 6I).
Taken together, we conclude that CEP97 restricts cen-

triole length to promote ciliogenesis, and that stochastic
defects in ciliogenesis disrupt HH signal transduction
and developmental patterning in the heart (Fig. 6J).

Discussion

Protein phosphorylation orchestrates cell cycle progres-
sion and organelle biogenesis. CDK1, a master regulator
of the cell cycle, also helps govern organelle biogenesis
(Taguchi et al. 2007; Holt et al. 2009; Shiota et al. 2015;
Massacci et al. 2023). During centrosome biogenesis,
CDK1 regulates number and maturation, but few centro-
somal targets of CDK1 have been identified (Okuda
et al. 2000; Fisk and Winey 2001; Chen et al. 2002;
Fisk et al. 2003; Hochegger et al. 2007; Holt et al. 2009;
Wang et al. 2014; Novak et al. 2016; Zitouni et al. 2016;
Huang et al. 2022; Steinacker et al. 2022; Roberts et al.
2024). We developed a centrosome-specific phosphopro-
teomics approach, CAPture-phosphoMS and identified
that centrosomal proteins, such as Centrobin, are
phosphorylated in a CDK1-dependent way. CDK1
mediates phosphorylation of Centrobin at serine 62, in-

hibiting the ability of Centrobin to promote centriole
elongation.
CEP97-CCP110 is a distal centriolar protein complex

that also inhibits centriole elongation, but by inhibiting
the accumulation of Centrobin at centrioles. Both in cul-
tured human cells and in developing mouse embryos,
CDK1 and CEP97-CCP110 synergistically restrict centri-
ole elongation. This cooperative control of centriole
length acts via inhibiting Centrobin via two different
mechanisms: a negative regulatory phosphorylation and
control of subcellular localization.
Despite both working through Centrobin, CDK1 and

CEP97-CCP110 likely impart different forms of regula-
tion over centriole elongation. CDK1 is well recognized
as a global orchestrator of cellular functions, exhibiting
oscillatory activity attuned to the cell cycle, whereas
CEP97-CCP110 acts locally at the distal centriole (Iyer
et al. 2025). It will be interesting to determine whether
for organelles other than the centrosome, CDK1 exerts or-
ganelle-specific functions by working in coordination
with local factors.
It is important to distinguish that while CDK1 pro-

motes key aspects of cell cycle progression (e.g., DNA syn-
thesis, G2/M transition and spindle assembly), it is itself
regulated by cell cycle factors such as WEE1, PKMYT1
and CDC25C.We found that CDK1 activity restrains cen-
triole length in S phase, before CDK1 activity is required
for cell cycle progression. Thus, the effects of CDK1 on
centriole length control are not secondary to effects on
cell cycle progression. Still, CDK1 activity is coordinated
with cell cycle events, including centriole biogenesis, and
CDK1 activity is dispensable for centriole length control
in G1. Thus, the temporally regulated CDK1 activity is
relevant to when CDK1 functions in centriole elongation
regulation and may allow CDK1 to coordinate centro-
some growth with overall cell growth (Aydogan et al.
2020).
Centriole length regulation by CDK1 and CEP97 is crit-

ical to support ciliogenesis in human cells and during
mouse embryonic development. Without CEP97, dysre-
gulated centriole length and impaired ciliogenesis inter-
rupt HH signal transduction, disrupting heart
development. Other centriolar and ciliary proteins impli-
cated in mammalian heart development (e.g., TBC1D32,
MKS1, NEK8) may likewise be important for ciliogenesis
and HH signal transduction in human heart progenitors
(Li et al. 2015; Zaidi and Brueckner 2017). Given the coop-
erative functions of CEP97-CCP110 and CDK1, it will be
interesting to understand whether increased CDK1 inhi-
bition, like that imparted byWEE1, exacerbates centriole-
and cilia-related birth defects. CEP97 also contributes to
brain development, possibly through its role in spindle
formation and mitotic progression.
The partner of CEP97, CCP110, binds directly tomicro-

tubules and antagonizes the function of CPAP (Schmidt
et al. 2009; Iyer et al. 2025). As Centrobin binds to CPAP
and promotes its centriolar localization (Gudi et al.
2015), it is likely that CEP97 antagonizes the function of
both Centrobin and CPAP. The Centrobin phospho-mi-
metic mutants generated in this study did not prevent
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all centriole overelongation that occurs in the absence of
CEP97 and CDK1 activity, indicating that CDK1 is likely
to restrict centriole length via additional Centrobin phos-
phorylation events or other factors. Other factors that
may help CDK1 restrict centriole elongation include
CEP135 and CEP295, both of which have been previously
implicated in centriole elongation and exhibit CDK1-de-
pendent phosphorylation (Supplemental Table S5; Lin
et al. 2013; Chang et al. 2016).

Previous work found that CDK1 controls centriole
number via phosphorylation of STIL (Zitouni et al. 2016;
Steinacker et al. 2022), and regulates the localization of
CEP152 and PCNT in oocytes (Lee et al. 2018). Thus,
CDK1 controls multiple aspects of centrosome function
beyond centriole elongation. Apart from Centrobin,
STIL, CEP152 and PCNT,CAPture-phosphoMS identified
numerous centriolar proteins phosphorylated in a CDK1-
dependent way. Other centriolar components thatmay be
phosphorylated by CDK1 include proteins involved in
centriole duplication (e.g., CEP192), centriole cohesion
(e.g., CEP68), mother centriole maturation (e.g., OFD1)
and microcephaly (e.g., CEP135, NIN) (Graser et al.
2007; Wang et al. 2009; Singla et al. 2010; Lee and Rhee
2011; Dauber et al. 2012; Fang et al. 2014; Fu et al. 2016;
Lee et al. 2018; Kumar et al. 2021). Thus, it is likely that
CDK1, in a way that may be partially overlapping with
CDK2, phosphorylates many centrosomal proteins to
shape multiple aspects of centrosomal function.

Outside of the centrosome, some cellular structures
are robust to even drastic morphological changes. For
example, the mitotic spindle can execute chromosome
segregation despite changes in its size and the ER can
traffic proteins despite changes in its shape (Wilbur
and Heald 2013; Mukherjee and Levy 2019). In contrast,
the size and shape of centrioles are key to their func-
tions and, consequently, centriole geometry appears to
be more rigidly constrained. The regulatory mecha-
nisms identified for centrioles may illustrate principles,
such as overlapping function between organelle-integral
factors (e.g., CEP97-CCP110) and dynamic cell cycle
regulators (e.g., CDK1) ensuring that the regulation of
distinct organelles is harmonized both with each other
and with cell growth.

Materials and methods

Mouse lines

Cep97+/– [Cep97tm1(KOMP)Vlcg] mice, generated in a
C57BL/6NJ background, were obtained from the Interna-
tional Mouse Phenotyping Consortium (IMPC) and back-
crossed to C57BL/6J mice for 10 generations to eliminate
background mutations. In all animal assays conducted in
this study, Cep97+/+ and Cep97+/– mice were phenotypi-
cally indistinguishable and were used as littermate con-
trols. mef2c-AHF-Cre; Rosa26YFP [Gt(ROSA)26Sortm1
(EYFP)Cos] mice were described previously (Verzi et al.
2005; Kopinke et al. 2017).

Mice were housed in a barrier facility with veterinary
supervision and given food and water ad libitum. All
mouse protocols were approved by the Institutional Ani-
mal Care andUse Committee at the University of Califor-
nia, San Francisco.

Mammalian cell culture

Human retinal epithelial (RPE1-hTERT) cells were cul-
tured in DMEM/F12 (University of California,
San Francisco, Media Production: CCFAA010) supple-
mented with 10% FBS and 1× GlutaMAX at 37°C and
5% CO2. Lenti-X 293T cells were cultured in DMEM
(University of California, San Francisco Media Produc-
tion: CCFAA005) supplemented with 10% FBS and 1×
GlutaMAX at 37°C and 5% CO2. All cells were routinely
checked for mycoplasma infection and were negative for
mycoplasma infection.

Ex vivo embryo culture

Ex vivo embryos were cultured as described previously
(Rojas et al. 2005). Briefly, mouse embryos from
Cep97+/– and Cep97+/– breeding pairs were harvested at
10.5 dpc, and embryonic tissues cranial to the septum
transversum were dissected and cultured in Dulbecco’s
modified Eagle’smedium supplementedwith 1% fetal bo-
vine serum, 100 U/mL penicillin, 100 U/mL streptomy-
cin, and 2 mM L-glutamine at 37°C and 5% CO2 in 24
well tissue culture plates. RO-3306 (50 µM) (Sigma-Al-
drich SML0569) or DMSO was added to the cultured em-
bryonic tissue.

Generation of knockout RPE1 cells by CRISPR–Cas9

Cycling RPE1 cells were trypsinized, counted, washed in
PBS, and resuspended in SG electroporation buffer (Lonza
V4SC-3096) at a concentration of 10,000 cells per 1 µL.
Guide RNAs targeting CEP97, CCP110, OFD1, and Cen-
trobin were designed and synthesized (Synthego) (se-
quences in Supplemental Table S6). RNPs were
assembled by incubating 45 pmol of TrueCut Cas9 v2 pro-
tein (Thermo Fisher A36499) with 90 pmol of sgRNA for
15 min at room temperature. A total of 200,000 cells in
20 µL of SG buffer were added to each RNP and electropo-
rated using program 96-EA-104 on an Amaxa 4D
nucleofector equipped with a 96 well shuttle (Lonza
AAF-1003B/S). After electroporation, cells were collected
in complete culture medium and seeded onto 6 well
plates. Three days later, the monoclonal cell line was fur-
ther selected by seeding cells in 96 well plates at 0.3 cell
per well. Clonal cell lines were expanded and genotyped.
To verify cell line genotype, gDNA was extracted from a
clonal cell line using an AllPrepDNA/RNAmini kit (Qia-
gen 0204). gDNA was amplified using oligonucleotides
surrounding the sgRNA binding site. PCR amplicons
were purified and Sanger-sequenced using the correspond-
ing forward primers. In addition, PCR-verified knockout
cloneswere further validated by eitherWestern blot or im-
munofluorescence staining.
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Generation of stable cell lines

The pLVX-Neo-Actn1-GFP plasmid was obtained from
Addgene (138293). For expression of CEP97 or Centrobin,
human CEP97 or Centrobin was PCR-amplified. CEP97
was cloned into pLVX-Neo-Actn1-GFPwith the promoter
replaced with EF1α-ΔTATA, and Centrobin was cloned
under the control of a Tet-On promoter. Centrobin mu-
tant clones were constructed with In-Fusion Snap Assem-
bly (Takara 638948).
For lentiviral production, 5 µg of pLVX, 1.4 µg of

pMD2.G (Addgene 12259), and 3.9 µg of psPAX2 (Addgene
12260)were transfected into a 10 cmplate of Lenti-X 293T
cells (HEK 293T; Takara) at 70%–80% confluence using
Fugene 6 transfection reagent (Promega E2691). Medium
containing lentiviral particles was filtered with a 0.45
µm PES membrane filter (Genesee Scientific 25-246) and
concentrated with Lenti-X concentrator (Takara 631232)
according to the manufacturer’s instructions. Lentiviral
particles were resuspended in 100 µL of PBS, aliquoted,
and snap-frozen at −80°C.
For generation of stable cell lines, RPE1 cells were trans-

duced with 10 µL of lentiviral particles in a 6 well plate at
50% confluence. After 24 h, cells were changed to fresh
medium containing 10 µg/mL puromycin or 1000
µg/mL G418. Puromycin was removed when live cells
were no longer observed in the nontransduced control
condition.

Centriole elongation assay in response to drug treatment

For cultured RPE1 cells, centriole elongation assay was
conducted as described previously (Peneda et al. 2020).
Briefly, asynchronous RPE1 cells were treated with drugs
for 24 h before harvesting for downstream immunofluo-
rescence or cell cycle analysis. Drugs were used at the fol-
lowing concentrations: 1 µM K03861 (Selleckchem
S8100), 150 nM palbociclib (Selleckchem S1579), 4 µM
aphidicolin (Sigma A0781), 4 mM hydroxyurea (Sigma
H8627), 10 µM RO-3306 (Sigma SML0569), and 100 µM
etoposide (Fisher 33419-42-0).

Immunofluorescence of RPE1 cells

Cells were washed twice with PBS before being fixed with
either freshly prepared 4% paraformaldehyde (PFA) for
10 min at room temperature or methanol for 5 min at
−20°C. Cells were blocked for 1 h at room temperature
in PBT (1% BSA, 0.5% Triton X-100, 0.02% sodium azide
in PBS). Cells were then incubated in primary antibody di-
luted in PBT overnight at 4°C. After threewashes in PBST
(0.1% Tween 20 in PBS) for 10 min each, secondary anti-
bodies and Hoechst diluted in PBT were added for 1 h at
room temperature. Secondary antibodies and Hoechst
were washed off as done for the primary antibody. Cells
were thenmounted in ProlongDiamond antifademedium
(Molecular Probes P36970). For tertiary staining, cells
were further blocked after secondary and Hoechst wash
off with rabbit IgG (Cell Signaling Technology 3900S) for
1 h at room temperature. Cells were then incubated

with Alexa Fluor555-conjugated tertiary antibody over-
night at 4°C. After three washes in PBST for 10 min
each, cells were then mounted in Prolong Diamond anti-
fade medium (Molecular Probes P36970).

Tissue section, immunofluorescence, and histology

Tissues fromex vivo culturedmouse embryos,mouse em-
bryos, or P0 mice were dissected and fixed in 4% PFA
overnight at 4°C, washed three times in PBS, and placed
into 15% sucrose and 30% sucrose until tissues descend-
ed. Tissues were embedded in OCT and sectioned on a
Leica CM1900 cryostat at 10 µm thickness. Sections
were collected on glass slides and allowed to dry for at
least 1 h before staining. A hydrophobic pen was used to
encircle tissues. For staining, sections were washed three
times in PBST (0.1% Tween-20 diluted in PBS) and
blocked in 1% BSA and 0.4%M.O.M (Vector Laboratories
MKB-2213-1) in PBST for 1 h at room temperature. Prima-
ry antibodieswere diluted in PBST and 1%BSA and placed
on slides overnight at 4°C. Slides werewashed three times
in PBST, and secondary antibodywas added for 1 h at room
temperature. Slides werewashed three times for 5–10min
each in PBST and mounted with Prolong Diamond anti-
fade medium. Primary and secondary antibodies, tertiary
stains, dilutions, and fixation conditions are described in
Supplemental Table S7.
For histological analysis, mouse embryos at E15.5 were

harvested and dissected below the septum transversum,
and embryonic tissues cranial to the septum transversum
were dissected and fixed in 4% PFA overnight at 4°C. P0
mice were euthanized and the hearts were dissected,
washed three times in PBS, and fixed in 4%PFA overnight
at 4°C. Fixed tissues were embedded in paraffin, and 5 µm
sections were cut and processed for hematoxylin and
eosin (H&E) staining or Alcian blue staining.

In situ hybridization

Single-molecule in situ hybridization was performed us-
ing Advanced Cell Diagnostics RNAscope 2.0 HD detec-
tion kit for the following probes: Mm-Ptch1 (402811)
and Mm-Gli1 (311001).

Image acquisition

Airyscan and confocal images of immunofluorescent
stainingswere acquired on a Zeiss LSM800 laser scanning
confocal microscope equipped with a 63×/1.4 NA oil im-
mersion objective and captured using the Zen imaging
software (Zeiss). Superresolution 3D-SIM images were ac-
quired using a DeltaVision OMX-SR microscope (GE
Healthcare) using a 60×/1.42 NA oil immersion objective
and three scientific complementarymetal-oxide semicon-
ductor cameras. Immersion oil with a refractive index of
1.518 was used. Z-stacks of 6 µm were collected using a
0.125 µm step size. Raw images were reconstructed using
SoftWoRx 6.5.2 (GEHealthcare) using default parameters.
Images were processed using Fiji software to generate
maximal projections and quantifications.
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H&E staining was acquired on a Nikon Ti inverted mi-
croscope equipped with a plan apo 10×/0.45 NA objective
and captured using a Nikon DS-Ri2 color camera.

Micro-CT

E17.5 mouse embryos were harvested and fixed overnight
in 4% PFA at 4°C and subjected to micro-CT (µCT) at the
Small Animal Imaging Shared Facility at the University of
Alabama at Birmingham. Briefly, PFA-fixed embryos were
stabilized with hydrogel and infiltrate with isotonic aque-
ous potassium triiodide (Lugol solution). The embryos
were imaged at 8 µm resolution using a Scanco Medical
µCT40 instrument. The embryos were scanned at
70 kVp and 114 µA with an integration time of 300
msec and with 1000 projections per 180°. µCT data were
processed with 3D Slicer (v.3.8.1) to generate heart and
brain images.

Immunoblotting

Cells were lysed using SDS lysis buffer (10 mMTris at pH
7.4, 100 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM
NaF, 20 mM Na4P2O7, 2 mM Na3VO4, 1% Triton
X-100, 10% glycerol, 0.1% SDS, 0.5% deoxycholate) (Invi-
trogen FNN0011) and protease and phosphatase inhibitors
(Thermo Scientific A32961). Protein concentration was
determined using a Pierce BCA protein assay kit (Thermo
Fisher Scientific). All lysates were boiled for 5 min in 4×
LDS sample buffer (Invitrogen NP0008). Protein samples
were separated on 4%–15% gradient TGX precast gels
(Bio-Rad) and transferred to PVDF membrane (Bio-Rad).
Two percent BSA in TBS with 0.1% Tween was used to
block membranes and dilute antibodies. HRP signal was
detected using Clarity Western ECL substrate (Bio-Rad).
Primary and secondary antibodies and dilution conditions
are in Supplemental Table S7.

Centrosome affinity purification by CAPture

CAPture was conducted as described previously (Carden
et al. 2023). Briefly, streptavidin-coated magnetic beads
(Dynabeads M-280 Streptavidin; Invitrogen) were washed
three times in TBS-N (TBS with 0.1% [v/v] NP-40) and
once in CAPture buffer (50 mM Tris-HCl at pH 8.0, 300
mMNaCl, 0.2% [v/v] NP-40, 10% [v/v] glycerol, protease,
and phosphatase inhibitors [Thermo Scientific A32961]).
Biotinylated peptide (Biotin-SPSPTGGRALR FDPTAFV-
KAKERKQREIQMKQQ; synthesized >95% purify in Bio-
matik) was added at 150 ng (30 µL of 5 mg/mL stock
solution) per pull-down toM-280 beads in CAPture buffer
and placed on rotating wheel at 12 rpm for 1.5 h at 4°C.
Expi293F cells (3.6 × 108 per pull-down) were lysed in
CAPture buffer for 30 min on ice, sonicated at 700 W in
an ultrasonic processor for 10 3 sec pulses at 30% ampli-
tude with a 3 mm microtip probe (Fisher Scientific 418-
21), and spun at 2500g for 10 min at 4°C. Supernatant
was incubated with peptide-bound beads on a rotating
wheel at 12 rpm for 1 h at 4°C. After incubation, beads
were washed four times with CAPture buffer and twice

with 100 mM NH4HCO3 before being snap-frozen and
stored at −80°C.

On-bead tryptic digestion, phosphopeptide enrichment,
and LC-MS/MS analysis

Beads were resuspended in 18 µL of 20 mM Tris-HCl (pH
8.0), 0.8 µL of 100mMdithiothreitol was added, and disul-
fide bonds were reduced by incubation for 30 min at room
temperature. Free cysteines were alkylated by the addi-
tion of 1.2 µL of 100mM iodoacetamide followed by incu-
bation in the dark for 10 min. Five-hundred nanograms of
trypsin (Promega V5113) was added, and proteins were di-
gested overnight at 37°C. Digestion was stopped by addi-
tion of formic acid to a final concentration of 2%.
Peptides were desalted using C18 ZipTip columns (Milli-
pore ZTC18S096). Five percent of the digested samplewas
reserved for total protein analysis; the rest was subjected
to phosphopeptide enrichment using PTMScan Phos-
pho-Enrichment IMAC Fe-NTAmagnetic beads (Cell Sig-
naling Technology 20432S).

Total peptides and phosphopeptide-enriched samples
were analyzed using online liquid chromatography cou-
pled with tandem mass spectrometry (LC-MS/MS). The
experiment was performed using a NanoAcquity UPLC
system (Waters) connected to an Orbitrap Fusion Lumos
mass spectrometer (Thermo Scientific). A binary solvent
system was used, consisting of 0.1% formic acid in water
(solvent A) and 0.1% formic acid in acetonitrile (solvent
B). Chromatographic separation was performed using an
Easy-Spray HPLC column (75 µm×150 mm; Thermo Sci-
entific) at a flow rate of 300 nL/min. A linear gradient elu-
tion was applied, increasing solvent B from 5% to 30%
over 132 min for total protein samples or over 72 min
for phosphopeptide-enriched samples. For data-dependent
MS/MS acquisition, precursor ions were measured in the
Orbitrap over an m/z range of 375–1500 at a resolution of
120,000 FWHM (cycle time: 3 sec, maximum injection
time: 50 msec, intensity threshold: 2 × 104). Fragment
ions generated by higher-energy collisional dissociation
(HCD) were detected in the Orbitrap with a resolution of
30,000 FWHM (collision energy: 30%, quadrupole isola-
tion window: 1.6 m/z, maximum injection time: 100
msec).

The acquired rawmass spectrometry datawere convert-
ed to peak lists using in-house PAVA software, followed
by analysis using Protein Prospector (version 6.6.5)
(Chalkley et al. 2008). Data were searched against a con-
catenated database of human entries from the SwissProt
database (downloaded January 2024) and sequence-ran-
domized decoy entries, employing precursor and fragment
mass tolerances of ±10 and ±20 ppm, respectively. Carba-
midomethylation of cysteine residues was set as a cons-
tant modification, while variable modifications included
N-terminal acetylation, N-terminal methionine acetyla-
tion and oxidation, pyroglutamate formation from N-ter-
minal glutamine, loss of the protein N-terminal
methionine, N-terminal methionine excision followed
by acetylation of the newN terminus, oxidation of methi-
onine residues, and phosphorylation of serine, threonine,
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or tyrosine residues (for the phosphopeptide-enriched
samples only). Results were thresholded at a false discov-
ery rate (FDR) of 1% at both the protein and peptide levels
based on target:decoy database searching.
For label-free quantification of phosphopeptides and

proteins, results were output in .blib format and then im-
ported into Skyline forMS1 filtering (Schilling et al. 2012).
Data processing, normalization, and statistical analysis
were carried out using the workflow based on qPLEXana-
lyzer and limma package from Bioconductor (Ritchie et al.
2015; Papachristou et al. 2018).

Transmission electron microscopy of RPE1 cells

For TEM, cells were plated on 8 well Permanox slides
(Nunc 177445), gently washed in PBS (no calcium and
no magnesium), and fixed in 3.5% EM-grade glutaralde-
hyde (Electron Microscopy Sciences 16210) in PBS for 10
min at 37°C. Fixative was removed and replaced with
fresh fixative, and samples were incubated for 1 h at 4°
C. Slides were washed three times with 0.1 M PB and pro-
cessed for TEMas described previously (Singla et al. 2010).

Statistical analysis

All statistical testing was performed using Prism (v.9.5.1).
All data used for statistical analysis are in Supplemental
Table S8. Statistical tests used for each experiment are
listed in the accompanying figure legends. Significant dif-
ferences were considered as nonsignificant (ns), P< 0.05
(∗), P< 0.01 (∗∗), P < 0.001 (∗∗∗), or P< 0.0001 (∗∗∗∗) by Stu-
dent’s t-test, by F-test of equal variance, by one-way anal-
ysis of variance followed by post hoc tests (Dunn’s
multiple comparisons or linear trend analysis), or by
two-way ANOVA followed by Šídák’s multiple compari-
son as detailed in the figure legends.
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