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Abstract

Atherosclerotic cardiovascular disease (ASCVD) is the leading cause of mortality worldwidel. Laminar
shear stress (LSS) from blood flow in straight regions of arteries protects against ASCVD by upregulating
the KIf2/4 anti-inflammatory program in endothelial cells (ECs)*®. Conversely, disturbed shear stress (DSS)
at curves or branches predisposes these regions to plaque formation®°. We previously reported a whole
genome CRISPR knockout screen'! that identified novel inducers of KIf2/4. Here we report suppressors of
KIf2/4 and characterize one candidate, protocadherin gamma A9 (Pcdhga9), a member of the clustered
protocadherin gene family*?. Pcdhg deletion increases KIf2/4 levels in vitro and in vivo and suppresses
inflammatory activation of ECs. Pcdhg suppresses KIf2/4 by inhibiting the Notch pathway via physical
interaction of cleaved Notch1 intracellular domain (NICD Val1744) with nuclear Pcdhg C-terminal constant
domain (CCD). Pcdhg inhibition by EC knockout (KO) or blocking antibody protects from atherosclerosis.
Pcdhg is elevated in the arteries of human atherosclerosis. This study identifies a novel fundamental
mechanism of EC resilience and therapeutic target for treating inflammatory vascular disease.

Introduction

ASCVD, characterized by fatty plaques within arterial walls, results from converging metabolic,
inflammatory, and biomechanical factors including hypertension, hyperlipidemia, smoking, and age®®.
Atherosclerotic plagues form preferentially at curved or branched regions of arteries experiencing low,
multi-directional shear stress from blood flow, termed disturbed shear stress (DSS)*®. DSS is also the most
reliable predictor of plaque erosion®® and plaque vulnerability to rupture®®. Conversely, straight regions
with high unidirectional laminar shear (LSS) suppress plaque formation mainly by upregulating the
Kruppel-like transcription factors 2 and 4 (KIf2/4) in ECs. These two genes are generally co-regulated in
ECs and have partially redundant gene targets and functions. KIf2/4 govern ~70% of LSS induced anti-
inflammatory and anti-thrombotic protective genes*>79191415 Extensive studies in mice using both EC
specific knockout (ECKO) and transgenic overexpression identify KIf2/4 as potent mediators of resilience
against a multiplicity of vascular conditions including atherosclerosis, pulmonary hypertension, and
Covid19-mediated vascular dysfunction®>, Reduced endothelial KIf2/4 expression is similarly associated
with worsened cardiovascular outcomes in humans. Restoring high KIf2/4 expression may therefore
protect against a range of inflammatory CVDs'. However, fundamental mechanisms regulating KIf2/4
expression remain unanswered.

Towards this goal, we carried out a genome wide CRISPR knockout screen using a GFP reporter driven by
the human KIf2 promoter that identified ~300 genes required for shear stress induction of KIf2!1,
Systematic analysis of the genes whose CRISPR KO reduced KIf2 (activators) identified a novel contribution
from mitochondrial metabolism that synergizes with the established mechanism Mekk2/3-Mek5-Erk5
kinase cascade!™8, Unexpectedly, this screen uncovered an additional ~160 genes whose KO increased
KIf2 (suppressors). These genes are of great interest both to gain mechanistic insight into KIf2 regulation
and as candidate therapeutic targets in vascular inflammatory diseases.

We selected Protocadherin gamma A9 (Pcdhga9) for further study. This gene is a member of the 22 gene
Pcdhg subfamily, among the clustered protocadherin (cPcdh) family of homophilic adhesion receptors.
Clustered protocadherins mediate a wide range of functions in the central nervous system including
adhesion, signaling, and cell sorting’®°. Pcdhg has an essential role in neurons and its mis-expression is
associated with neuronal disorders?%2!, however, little is known about Pcdhg in other cell types. Here, we
describe a role for the Pcdhg cluster in vasculature inflammation and ASCVD. Pcdhg functions by inhibiting
the Notch pathway which is critical for transcriptional induction of KIf2/4 by LSS.
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85 Results

86  Genome wide CRISPR screen identifies suppressors of hemodynamic KIf2 induction.

87  To identify the mechanisms underlying mechano-regulation of KIf2, a genome wide CRISPR screen was

88  performed using a KIf2:GFP reporter expressed in Mouse Aortic ECs (MAECs) and stimulated with LSS for

89  24h (Figures 1a, b, S1a). In addition to the ~300 genes whose CRISPR KO decreased KIf21?, this screen also

90 identified ~160 KIf2 genes whose KO increased KIf2:GFP reporter levels (Figure S1b). Network analysis

91 showed enrichment of pathways/processes that affect vascular and endothelial functions (Figure 1c),

92 consistent with a central role for KIf2/4 in ECs.

93

94 Reasoning that transmembrane proteins would be readily accessible for therapeutic approaches, we

95 focused on the cell surface candidates (Figure 1d). Of these, the top 8 candidates were functionally

96 verified using independent CRISPR sgRNAs by assaying for KIf2:GFP induction upon LSS and oscillatory

97  shear (0SS), commonly used to model in vivo DSS (Figure 1d red box). The top candidate, Pcdhga9, was

98 chosen for further study. We next examined induction of the KIf2:GFP in the MAEC reporter line under

99 both LSS and OSS. CRISPR KO of Pcdhga9 increased KIf2:GFP in cells under LSS and did so even more
100  strongly under OSS, where expression is normally low (Figure 1e). Conversely, OE of human Pcdhga9
101  suppressed reporter expression. Knockdown of Pcdhga9 using siRNA similarly increased KIf2:GFP which
102  was reversed by OE of human protein (Figure Slc-e). Examining endogenous KIf2 in primary human
103 umbilical vein endothelial cells (HUVECs) replicated this behavior, demonstrating conservation across
104  species and EC types (Figure S1f). In ECs under pro-inflammatory OSS, Pcdhga9 depletion also suppressed
105  the induction of the leukocyte adhesion receptor VCAML1 (Figure 1f) and the adhesion of THP1 monocytes
106  (Figure 1g). Pcdhga9 thus restrains LSS-dependent induction of anti-inflammatory KIf2 and potentiates
107  0OSS-dependent pro-inflammatory activation.
108
109  Protocadherin gamma (Pcdhg) gene cluster suppresses KIf2/4.
110 Pcdhga9 is a member of the clustered protocadherin family, which belongs to the cadherin superfamily of
111 cell-cell adhesion receptors. The clustered protocadherin genes, classified into alpha (a or a), beta (b or
112 B), and gamma (g or y) clusters, are organized in tandem in the genome. The mouse Pcdhg gene cluster
113 comprises 22 genes (Figure 2a), several of which are expressed in ECs (this study). Exon 1 is unique, while
114  exons 2-4 are shared by all 22 members allowing for targeting of the entire Pcdhg cluster by siRNA
115 mediated silencing (Figure 2a, region enclosed between dashed lines). Silencing the Pcdhg gene cluster in
116 HUVECs (Figures 2b, S2a) strongly induced endogenous KIf2 and 4 mRNA and suppressed pro-
117  inflammatory E-selectin (Sele) even under OSS, (Figures 2c, d, S2b). Depletion of the entire Pcdhg gene
118  cluster suppressed adhesion of THP1 monocytes to ECs under pro-inflammatory OSS to the same extent
119  as Pcdhga9 depletion (Figure 2e). Targeting Pcdhga9 or the entire cluster thus give indistinguishable
120  results.
121
122 In addition to LSS, KIf2/4 are also induced by statins?, the cholesterol lowering drugs used as first line
123  therapy for patients at risk of ASCVD; an effect that is believed to contribute to their therapeutic benefits.
124  To test for interactions between Pcdhg and statins, control or Pcdhg-depleted HUVECs were treated with
125 lovastatin for 16 h. Pcdhg depletion greatly amplified statin induction of KIf4 (Figure 2f) showing clear
126 synergy. On the other hand, the pro-inflammatory cytokine TNFa suppresses KIf2/4 and induces pro-
127 inflammatory genes including, the leucocyte adhesion receptor, VCAM1. Pcdhg depletion strongly
128 suppressed TNFa-induced VCAM1 expression and subsequent adhesion of THP1 monocytes to ECs, and
129  alleviated KIf4 suppression by TNFa (Figure 2g, h). Pcdhg depletion significantly reduced induction of
130 VCAM1 even at the highest doses of TNFa tested (Figure S2c). Pcdhg loss thus suppressed EC inflammatory
131  activation in multiple contexts.
132
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133 Pcdhg endothelial knockout protects against atherosclerosis.

134  EC KIf2/4 are essential for vascular resilience against inflammatory CVDs, including atherosclerosis.
135 Importantly, elevating KIf4 in ECs protects against ASCVD, demonstrating its sufficiency for
136  atheroprotection?. To test if effects of Pcdhg seen in culture are conserved in vivo, Pcdhg™™ (Pcdhg
137  constant exon 3 floxed and tagged with gfp) mice?*?> were crossed with constitutive Cdh5Cre mice to
138  delete the entire Pcdhg cluster in ECs (Pcdhg EC knockout or ECKO) (Figure 3a). Homozygous Pcdhg ECKO
139  pups were obtained at the expected Mendelian frequency and were phenotypically normal, showing that
140  Pcdhg expression in ECs, unlike in neurons, is not essential for development?®?’ (Figures 3b, S3a-c). These
141 mice were thus further analyzed.

142

143  The aortic arch contains the athero-resistant greater curvature that is under LSS and the athero-
144 susceptible lesser curvature that is under DSS, offering a well-established model. Examination en face
145 revealed modestly increased KIf4 expression in Pcdhg ECKO ECs in the athero-resistant greater curvature
146 and a markedly larger increase in the athero-susceptible lesser curvature, compared to controls (Figure
147  3c). We next induced hyperlipidemia by injection of AAV8-PCSK9 and feeding a high fat diet (HFD) for 16
148  weeks (Figure 3d)?®%. Pcdhg ECKO mice showed reduced atherosclerotic plaques as observed by Oil Red
149 O staining in aortas from both males and females (N=6, each sex) (Figure 3e, f). Examination of the aortic
150  root using hematoxylin, and eosin (H&E) and Oil Red O-stains showed reduced atherosclerotic plaques
151  with drastically smaller necrotic cores (NC), thicker fibrous caps (FC) (Figure 3g), and greatly reduced
152 macrophage/monocyte content in Pcdhg ECKO (Figure 3h). No differences were observed in blood lipids
153 (triglycerides, cholesterol, HDL-C) (Figure S3d-f) or body weights (Figure S3g). Pcdhg expression in ECs thus
154  exerts a pro-atherogenic role.

155

156 Nuclear Pcdhg intracellular domain suppresses KIf2/4.

157  To investigate the molecular mechanism by which Pcdhg suppresses KIf2/4, we performed a structure-
158  function analysis using the alternative splicing of Pcdhg cluster members to define domain boundaries
159  (Figure 4a). Each Pcdhg protein is organized into an extracellular domain (ECD) containing 6 cadherin
160  domains involved in homophilic or heterophilic cis/trans interactions, a transmembrane (TM) domain
161 governing its membrane localization, and an intracellular domain (ICD) involved in intracellular trafficking,
162  surface delivery, localization, and signaling. The ICD is sub-divided into a variable C-terminal domain (VCD)
163  and a constant C-terminal domain (CCD). The conserved CCD is encoded by the three 3’ exons shared by
164  all 22 members (Figure 4a, b).

165

166  Overexpression of Pcdhga9 suppressed KIf2/4 (Figures 1e, Sle). We thus used this assay to identify
167  functional domains. Full length (Full), ECD+TM, TM+ICD and CCD-lacking (ACCD) mutants (Figure 4b) were
168  expressed in HUVECs, which were treated with LSS and OSS and assayed for KIf4 protein. The mutants
169  were expressed at comparable levels and localization was analyzed by GFP fluorescence (Figures 4c, S5a,
170  b). While the full length localized to both cell-cell junctions and intracellular vesicles, ECD+TM and ACCD
171  were more junctional as expected (owing to reduced internalization in the absence of the CCD), while
172  TM+ICD was punctate and distributed evenly (Figure S5b). KIf4 Western blotting revealed that the CCD is
173 essential for KIf2/4 suppression, whereas the ECD is dispensable (Figures 4c, S5a). Further experiments
174  thusfocused on the CCD.

175

176 Unlike classical cadherins, Pcdhg members are processed by cleavage, which releases the ICD, which
177  translocates to the nucleus *° via its nuclear localization signal (NLS) (Figure 4b, d). To test the role of
178  cleavage and nuclear translocation, Flag-tagged version of CCD and an NLS-deleted CCD mutant (ANLS-
179  CCD) were expressed in HUVECs, stimulated with LSS, and KIf4 levels assayed (Figure 4b). The mutants
180  were expressed at comparable levels and localized as expected, with the full-length present in the
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181  secretory system and plasma membrane, the CCD present mainly in the nucleus and the ANLS-CCD
182 present in the cytoplasm (Figure 4e). The CCD suppressed KIf4 whereas the ANLS mutant was ineffective
183 (Figure 4f). Interestingly, the CCD is very highly conserved across species, supporting its critical role (Figure
184  S5c). Pcdhg thus signals via cleavage and nuclear translocation of its common cytoplasmic regions.

185

186  Pcdhg regulates KIf2/4 via the Notch pathway.

187 For an unbiased assessment of the genes and processes regulated by Pcdhg in ECs, we performed bulk
188 RNAseq analysis of cells under OSS (where Pcdhg had the greatest effect). In addition to control si and
189 Pcdhg si HUVECs, Pcdhg+KIf2/4 triple si was included to identify KIf2/4-independent effects (Figure 53, b).
190 Upstream regulatory pathway analysis of these Pcdhg-dependent and KIf2/4-independent DEGs identified
191 Notch as the most over-represented pathway (Figure 5c), confirmed by strong upregulation of known
192 Notch target genes in ECs (Figure 5d). Notchl-4 family transmembrane receptors are critical for EC
193 functions including determination of arterial identity and vascular stability, with Notchl being the main
194 isoform. Binding of Notch ligands such as DLL4 to receptors triggers proteolysis by y-secretase, releasing
195  the Notch intracellular domain (NICD), which translocates to the nucleus and binds the transcription factor
196 RBPJ to induce transcription of target genes3!. Interestingly, LSS both activates Notch and induces KIf2/4,
197 both of which stabilize and protect vessels against inflammation and atherosclerosis®?%, though effects
198  of Notch and KIf2/4 have not been linked. We found that Pcdhg depletion led to increased levels of the
199 cleaved, activated Notch1 intracellular domain [NICD (Val1744)] (Figure 5e). Notably, the promoters for
200  both human and mouse KIf2 and KIf4 contain previously unappreciated canonical Notch-RBPJ binding sites
201 (Figure S6a, b). To test the role of Notch in KIf2/4 induction by LSS, RBPJ was blocked (small molecule
202 inhibitor RIN1 or RBPJi) or depleted (RBPJ si), with or without Pcdhg depletion. ECs under LSS were then
203  examined. The increase in KIf4 levels upon Pcdhg si was completely prevented by inhibition of the Notch
204  pathway (Figure 5f). We conclude that Pcdhg regulates KIf4 via Notch activation.

205

206 Structure-function analysis identified CCD of Pcdhg as the functional domain that inhibits KIf2/4 induction.
207  To identify interacting proteins, we did a proteomic analysis of immunoprecipitates (IP) from full length
208 Pcdhga9 and the ACCD mutant, looking for binding partners that required the CCD. Notch1 peptides were
209  detected in the IPs of full length Pcdhga9, but not the ACCD mutant or vector alone. Sequence analysis
210  showed that these Notch1 peptides came from the NICD region (Figures 5g asterisks, S6c), consistent with
211  functional effects. IP and immunoblot analysis showed that in addition to full length Pcdhg, the CCD
212 fragment but not the ANLS-CCD physically associated with the NICD (Figure 5 h-i). Taken together, these
213  data support a model in which the PICD physically associates with NICD to suppress Notch signaling and
214  its downstream target KIf2/4.

215

216 Pcdhga9 blocking antibody in experimental atherosclerosis.

217 Pcdhg was chosen as a target in part because its cell surface localization makes it amenable to inhibition
218 by antibodies or other cell-impermeant reagents. Towards this goal, we purified Pcdhga9 ECD protein,
219  which was used both for generating monoclonal antibodies (mAbs) and for developing a cell adhesion
220 assay (Figures 6a, S7a). When cells were plated in 96 wells coated with Pcdhga9 ECD, cells adhered over
221 time with minimal adhesion to uncoated wells (Figure 6b), demonstrating specificity.

222

223 Rat hybridomas that showed the strongest positive signals in ELISA assays against Pcdhga9 ECD (Figure
224  S7a,b) were purified and tested in the homophilic adhesion assay®®. Antibodies A9, B1 and B4 strongly
225 blocked adhesion (Figures 6¢, S7c). Antibody specificity was verified by Western blotting using purified
226 ECD-GST or ECD alone (Figure S7d). Next, these function blocking mAbs were tested for their effect on
227 KIf2/4 upon LSS, and VCAM1 upon 0SS. Blocking antibodies increased flow-induction of the KIf2:GFP
228 reporter and decreased VCAM1, normalized to the internal mCherry control (Figures 6d, e, S7e, f). mAb
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229 A9 showed the strongest effect on adhesion to ECD, KIf2 induction upon LSS, VCAM1 induction upon OSS
230  and the highest signal to noise ratio in immunofluorescence assay (Figure S7g). Hence, mAb A9 was
231 purified in bulk and studied further.

232

233 A9 specificity was verified by Western blotting of cell lysates from control vs Pcdhg or Pcdhga9 knockdown
234 MAECs (Figure S8a), with purified ECD as a positive control. We therefore examined its efficacy in a model
235 of experimental atherosclerosis in mice. Because A9 is a rat monoclonal, we avoided immune recognition
236 and clearance of the rat IgG by studying accelerated atherosclerosis model using partial carotid artery
237  (PCA) ligation in Apoe”” mice where lesions develop within 1 week (Figure 6f)?>3738, Mice were maintained
238 on HFD for a total of 3 weeks (1 week prior to ligation and 2 weeks post ligation). A9 half-life, determined
239 by IP injecting 2 ug of isotype control or mAb A9 per mouse and measuring blood plasma levels, was ~8
240 days (Figure S8b). Hence, Apoe”” mice on HFD were subject to surgery and A9 vs control IgG was injected
241  once per week for two weeks as described in Methods (Figure 6g). The operated Left Carotid Artery (LCA)
242 was then compared to the unligated Right Carotid Artery (RCA) as an internal control. Treatment with
243 mAb A9 strongly reduced plaque in this acute model of ASCVD as seen by whole mount carotid
244  preparations (Figure 6h, brackets) and verified by staining carotid sections with Oil Red O to detect lipid-
245 rich plaques (Figure 6i). The reduction in lumen diameter was also limited by A9 (Figure S8c). No difference
246  was observed in blood lipids (triglycerides and cholesterol) (Figure S8d, e). Taken together, these results
247  identify Pcdhg as a novel therapeutic target in atherosclerosis.

248

249 Pcdhg expression in atherosclerosis.

250 Lastly, we analyzed levels of Pcdhg in human arteries. Staining for Pcdhg using an antibody against the
251  CCD showed ~3x higher expression of Pcdhg in endothelium (marked by Erg) from CVD donors compared
252  to healthy, age-matched donors (Figure 7a). Atherosclerotic mouse arteries also showed elevated Pcdhg
253 staining (Figure S9a). Coronary arteries from 3 asymptomatic elderly donors stained for Pcdhg showed
254  ~4x higher signal in the regions of plague compared to regions of the same artery without evident plaque
255  (Figure 7b). Antibody specificity was verified by Western blots using control and Pcdhg si HUVECs (Figure
256  2b) and staining of control vs. Pcdhg ECKO retinas (Figure S9b). Pcdhg is thus upregulated in endothelium
257 from ASCVD.

258

259
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260 Discussion

261 ECs play a pivotal role in vascular physiology and pathology via functions range from regulating vessel
262  diameter to immune responses to nutrient transport. Cell-cell adhesions are a locus of EC signaling and
263  function, including solute transport, leukocyte trafficking, growth control and shear stress signaling. This
264 study is based on a genome wide CRISPR knockout screen that identified ~160 novel genes that suppress
265 KIf2. We selected the strongest cell surface localized KIf2 suppressor, Pcdhga9, a member of the Pcdhg
266  family of adhesion receptors, which has been extensively studied in neuronal systems!20:21,24,26.27,39,40,
267 However, only two studies report roles for another Pcdhg family member (Pcdhgc3) in the vasculature,
268  with effects on EC tube formation, migration, and permeability in vitro, suggestive of a role in
269  angiogenesis**2. We found that Pcdhg is a pro-inflammatory gene that suppresses KIf2/4 through a
270 pathway that involves its cleavage and release of the intracellular domain, which translocates to the
271 nucleus and suppresses Notchl-dependent transcription. EC deletion of Pcdhg in mice increases KIf2/4
272 levels and protects against ASCVD without apparent effects on development or viability. Antibodies that
273 block homophilic Pcdhg adhesion also increase KIf2/4 and limit experimental atherosclerosis. Within the
274  vasculature, Pcdhg is expressed primarily in ECs, with marked increases in atherosclerotic regions and low
275  expression in other cell types.

276
277  Analysis of Pcdhg-dependent genes identified the Notch pathway as a major downstream target. Notch1l
278 limits angiogenesis in development, and promotes arterial identity and limits atherosclerosis in adults,

279  thus was further investigated. LSS induction of both KIf2/4 transcription and Notch activation are well
280  established, both of which promote vascular stability3*®, but an interconnection has not to our
281 knowledge been reported. Mechanistic data in this study propose Notch as a direct inducer of KIf2/4 via
282  consensus sites in their promoters/enhancers, which is suppressed by Pcdhg, which is upregulated in
283 inflammatory settings.

284

285 While this study focused on atherosclerosis, vascular inflammation driven by EC activation is a major
286  contributing factor in many additional diseases including pulmonary arterial hypertension, venous
287  thrombosis, and auto-immune disease to name a few'?>%°, The CANTOS clinical trial identified benefits of
288  immune suppression, but these were balanced by increased deaths from infections®. We suggest that
289  targeting endothelial inflammatory activation rather than the immune system offers a path to limiting
290  vascular inflammation without compromising host pathogen defense. Further work to fully elucidate
291  mechanisms of Pcdhg expression, activation and contributions to inflammatory disease are thus
292 important directions for future work. Additionally, the remaining 159 hits whose CRISPR KO increase KIf2
293 levels offer a rich source of new therapeutic targets.

294

295

296

297

298

299
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300 Materials and methods

301

302 Primary cells, cell lines, and cell culture reagents

303  The PyMT-immortalized Mouse Aortic ECs that express the KIf2 promoter reporter (KIf2:GFP MAEC) was
304  described previously''. MAECs were maintained in complete EC Medium (Cell Biologics, M1166)*.
305 HUVECs obtained from Yale Vascular Biology and Therapeutics Core were pooled from 3 donors. They
306 were screened for the absence of pathogens, maintained in EGM2 Endothelial Cell Growth Medium
307 (Lonza, CC-3162) and used at passages 2-5. All cells were routinely screened for the absence of
308 mycoplasma. SiRNA transfection was performed with Lipofectamine RNAIMAX (ThermoFisher, 13778150)
309 in Opti-MEM medium (ThermoFisher, 31985070) using ON-TARGET plus SMARTpool siRNAs from Horizon
310 Discovery (Dharmacon). For lentiviral transduction, HEK293T cells were transfected with lentiviral vectors
311  along with pVSV-G (Addgene, #138479) and psPAX2 (Addgene, #12260) packaging plasmids using
312 lipofectamine 2000 (ThermoFisher, 11668019) following the manufacturer’s instructions. Supernatants
313  were collected 48-96 h after transfection and filtered through a 0.45 um low-protein binding filter.
314  Primary HUVECs were infected with lentivirus for 24h, then the medium replaced with EMG2 medium.
315 For monocyte adhesion assays, THP-1 labeled with CellTracker Deep Red (ThermoFisher, C34565) were
316  resuspended in HBSS supplemented with 1 mM Ca2+, 0.5 mM Mg2+, and 0.5% BSA, added to the slides
317 with HUVECs, incubated for 20 min at 37°C, washed 3x in HBSS and fixed with 3.7% formaldehyde. Cells
318  were counterstained with DAPI before fluorescence imaging. Drugs used were Lovastatin (Sigma, 438185),
319 TNFa (PeproTech, 300-01A) and RIN1 (RBPJ Inhibitor-1) (Selleckchem, SS3376). All antibodies were
320 validated in knockdown/knockout depletion by immunofluorescence and/or immunoblotting. The details
321  of antibodies, plasmid vectors, sgRNA sequences and primers are present in supporting information.

322

323  CRISPR library screen and KIf2 suppressor (gain-of-function) phenotype determination

324 CRISPR library screening, library preparation and next-generation sequencing was described previously'®.
325 Briefly, immortalized KIf2:GFP reporter MAECs were infected with genome wide CRISPR library of
326  ~160,000 single guide (sg) CRISPR RNAs, treated with 15 dyn/cm? LSS for 16 hours, FACS sorted based on
327  KIf2:GFP reporter levels with subsequent analysis of sgRNAs in the high KIf2:GFP gate by next-generation
328  sequencing on HiSeq2500 (lllumina). KIf2 suppressor (gain-of-function) phenotype was determined as
329  done previously for the loss-of function phenotype determination ranking genes based on the cumulative
330  z-score from 3 highest scoring unique sgRNAs?.,

331

332 Shear stress stimulation

333  All shear stress experiments, unless otherwise indicated, were performed in parallel plate flow chambers
334  and perfused within a pump and environmental control system as described®. Briefly, cells were seeded
335  at 70-90% confluency on 10 pg/ml Fibronectin-coated glass slides for 48-72 h in complete medium. For
336  shear stimulation, slides were mounted in custom-made 25x55 mm parallel plate shear chambers with
337 0.5 mm thick silicone gaskets and stimulated with 15 dynes/cm? for LSS or 1 + 4 dynes/cm? for OSS in
338 complete media. The media was maintained at 37°C and 5% CO, with a heat gun and humidified bubbler,
339  respectively. The orbital shaker method was used for mAb functional testing in vitro (Figures 6d, e, S7f,
340 g). Well radius was divided into three equal parts, with the outermost part representing pulsatile LSS
341 region (for measuring KIf2:GFP levels) and the innermost part representing disturbed shear region (for
342 measuring VCAM1 levels).

343

344  Animals and tissue preparation

345  The use of all proposed techniques followed Yale Environmental Health and Safety (EHS) regulations, and
346  all animal work was approved by Yale Institutional Animal Care and Use Committee (IACUC) and Yale
347  Animal Resource Center (YARC). Mice were maintained in a light-controlled and temperature-controlled
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348  environment with free access to food and water and all efforts were made to minimize animal suffering.
349  Pcdhg’" mice?*?° and Cdh5Cre mice*® are described elsewhere. Pcdhg®" mice were a kind gift from Julie
350 Lefebvre, University of Toronto, Canada. All mice in this study were on the C57BL/6J background.
351  Pcdhg’" and Cdh5Cre mice were maintained and bred as heterozygotes. Euthanasia was performed by
352 an overdose of isoflurane inhalation and death was confirmed by subsequent cervical dislocation and/or
353 removing vital organs and/or opening the chest cavity verified by the absence of cardiovascular function.
354 Mice were perfused through the left ventricle with PBS and then 3.7% formaldehyde followed by tissue
355 collection, as described. The heart and spinal column, with aorta and carotids attached, were removed,
356 and fixed under gentle agitation for an additional 24 h at 4 °C, washed 3x with PBS and taken for further.
357 For whole aorta en face prep, the isolated aortas were bisected along the lesser curvature and the aortic
358  arch was bisected through the greater curvature as well. For aortic arch segment prep, the aortic arch was
359 bisected through the greater curvature. Hearts (containing aortic roots) and carotids were allowed to sink
360 in 30% sucrose in PBS overnight at 4°C, embedded in OCT compound (optimal cutting temperature
361 compound, Sakura, 4583) and frozen on dry ice for sectioning. Tissue blocks were cut into 8-10 pum
362  sections using a cryostat (Leica) and sections were stored at -80°C until use.

363

364  Atherosclerosis and blood lipid analysis

365 To induce atherosclerosis, murine AAV8-PCSK9 adeno-associated virus (pAAV/D377Y-mPCSK9; 2x10%!
366 PFU) produced by the Gene Therapy Program Vector Core at the University of Pennsylvania School of
367 Medicine (Philadelphia, PA) was injected intraperitoneally. Mice were maintained on a high-fat diet (HFD;
368  Clinton/Cybulsky high-fat rodent diet with regular casein and 1.25% added cholesterol; Research Diet,
369 D12108c) for 16 weeks. Blood samples were collected from overnight starved mice, centrifuged at 13,000g
370  at 4°Cfor 15 min and the supernatant (plasma) was extracted carefully and immediately stored at -80°C
371  for total cholesterol and triglyceride (TAG) analysis. Plasma samples were stored at 4°C for <1 week for
372 HDL-C analysis. Total plasma cholesterol was determined by cholesterol oxidase/colorimetric assay
373 (Abcam; 65390). Plasma TAG levels were measured with a commercially available kit (Wako Pure
374  Chemicals). Tissues were prepared as described above and analyzed as described below.

375

376  Tissue analysis

377 For IF, OCT tissue sections were thawed and washed 3x with PBS to remove OCT. Cells were fixed with
378  3.7% formaldehyde for 15 min at ambient temperature, washed with and stored in PBS. Deidentified
379  human specimens were deparaffinized in Histo-Clear (National Diagnostics, HS-200). Sections were
380  progressively rehydrated before antigen retrieval for 30 min at 95°C in 1X Antigen Retrieval Buffer (Dako,
381  51699). Samples were incubated in perm-block buffer (5% donkey serum, 0.2% BSA, 0.3% Triton X-100 in
382 PBS) for 1 h at room temperature, incubated with primary antibodies in perm-block overnight at 4°C,
383  washed three times in perm-block and then incubated with alexafluor-conjugated secondary antibodies
384  (ThermoFisher) at 1:1000 dilution in perm-block for 1 h at room temperature. Slides were washed 3x in
385 perm-block and 3x in PBS before mounting in DAPI Fluoromount G (Southern Biotech; 0100-20). Images
386  were acquired on a Leica SP8 confocal microscope with the Leica Application Suite software. Confocal
387 stacks were flattened by maximum intensity z-projection in Imagel. Post background subtraction, the
388  mean fluorescence intensity (MFI) or nuclear intensity (with DAPI mask) was recorded. For aorta ORO
389 staining, the whole aorta was opened longitudinally on a soft-bottomed silica dish, incubated with ORO
390 solution (0.6% ORO in 60% isopropanol) with gentle rocking for 1 h at ambient temperature, washed in
391 60% isopropanol for 20 minutes, washed in dH20 3x, mounted on slides with endothelium side up in OCT
392  compound. Images were acquired with a digital microscopic camera (Leica DFC295). ORO staining on OCT
393  tissue sections was done similarly. Quantitation of ORO positive area was done in ImagelJ. Hematoxylin
394  and eosin (H&E) staining on OCT tissue sections was done by Yale Research Histology Core using standard
395 techniques. Plague morphometric and vulnerability analysis was performed as described”’. Plaque area
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396  was determined by ORO positive staining. For each plaque, the necrotic core (NC) area was defined as a
397  clear area in the plaque that was H&E free, and the fibrous cap (FC) thickness was quantified by selecting
398 the largest necrotic core and measuring the thinnest part of the cap.

399

400 Cloning, Pcdhga9 ECD purification

401 Human Pcdhga9 mutants were generated by cloning PCR-amplified fragments into pBob-GFP vector
402  (Addgene). For GFP-tagged constructs, fragments were cloned upstream and in-frame with the GFP ORF.
403 For FLAG-tagged constructs, GFP was excised, and the fragments cloned with an added C-terminal FLAG
404  tag using PCR. Mouse Pcdhga9 ECD was cloned in pCDNA3.1 vector (Invitrogen). Secreted Pcdhga9 ECD-
405 FLAG-GST was purified from cell culture supernatant from transfected HEK293T cells by collecting medium
406 at 48 h and 96 h after transfection. Supernatant was spun at 6000g, 4 °C for 15 min to remove debris,
407 incubated with 200 pl washed Glutathione beads per 40 ml medium O/N at 4 °C with tumbling, washed
408 3x with 0.1% Triton X-100/PBS, and eluted by adding excess reduced Glutathione solution. The
409 concentration of ECD was estimated by Coomassie staining compared to BSA standards.

410

411  Generation and validation of mAbs and Pcdhga9 ECD-cell adhesion assay

412 1 mg purified Pcdhga9 ECD protein was used for monoclonal antibody (mAb) generation in rats (BiCell
413  Scientific). mAbs were purified and concentrated from serum-free hybridoma cultures (BiCell Scientific).
414  Low adhesion 96-well plates were coated with ECD (10 pg/ml) for 1h at ambient temperature, washed 3x
415 with 0.1% Triton X-100/PBS and blocked with 1% heat denatured BSA in PBS for 1h at ambient
416  temperature. These plates were used for testing 1gG specificity and cell adhesion to ECD, as described
417  below. For specificity, affinity, and amount of 1gG, mAbs were added to the plates for 1h at ambient
418  temperature with shaking, washed 3x with 0.1% Triton X-100 in PBS, incubated with secondary HRP ab
419  (1:5k) for 1h at ambient temperature with shaking, washed 3x with 0.1% Triton X-100 in PBS and 3x with
420 PBS, followed by addition of 100 ul TMB incubated for 15-30 min and absorbance measured at 605 nm,
421 followed by addition of 100 ul 0.1N HCI and absorbance measured at 450 nm.

422

423 For cell adhesion assays, wells were washed 3x with complete EC medium followed by addition of KIf2:GFP
424 MAECs in 100 pl total EC medium (with isotype control or test mAbs), incubated at 37 °C in the CO,
425 incubator for the indicated time and fixed by adding 33 ul of 16% PFA directly to the wells. Unadhered
426  cells were removed by turning the plate upside down in a water bath and cells counted based on mCherry
427  fluorescence.

428

429 Partial Carotid Artery (PCA) Ligation model of accelerated experimental atherosclerosis

430  8-10 week-old Apoe”" mice maintained on HFD for 1 week were anesthetized with ketamine and xylazine,
431  and surgery was performed as described®. Briefly, 3 out of 4 branches of the left common carotid artery
432 (left external carotid, internal carotid, and occipital artery) were ligated with sutures, with superior thyroid
433  artery left intact. 2 ug mAb A9 or isotype control antibody was injected IP once every week for 2 weeks.
434  Mice were euthanized with an overdose of isoflurane and perfused through the left ventricle with PBS
435 and then 3.7% formaldehyde. Aortas with carotid arteries were isolated and imaged whole. Carotid
436 arteries were embedded in OCT, sectioned at 10 um, and IHC or immunofluorescence performed as
437 described. LCA/RCA inner diameter ratio was calculated by measuring perimeter to avoid interference
438  from changes in vessel morphology during mounting and handling. For testing mAb retention in vivo (half-
439  life), 1 ug of mAbs (100 pl of 0.25 mg/ml in saline for a ~20 g mouse) were injected IP in C57BI/6 mice, 100
440 ul blood was collected via the retro-orbital route at the indicated times, centrifuged at 13,000g at 4°C for
441 15 min and the plasma removed and immediately stored at -80°C. mAb concentration was determined
442 using a sandwich ELISA with immobilized anti-rat 1gG (100 ng) as trap and secondary anti-rat IgG HRP
443 antibody for detection, described above.
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444

445 Immunoblotting and immunoprecipitation (IP)

446  Cells were harvested and lysed in RIPA buffer (Roche) containing 1x Halt Protease Inhibitor Cocktail
447 (ThermoFisher, 78429) and 1x PhosStop (Roche, 4906837001) for 30 min on ice, clarified at 13,000 g 4°C
448  for 15 minutes, the supernatant transferred to new 1.5 ml tubes, 4x loading buffer (250mM Tris-HCI pH
449 6.8, 8% SDS, 40% glycerol, 20% B-mercaptoethanol, 0.008% bromophenol blue) added and the samples
450  heated to 95°C for 5 min. Cell lysates were resolved by a 4-15% SDS Polyacrylamide gel electrophoresis,
451 transferred to 0.2 um nitrocellulose membranes which were blocked with 5% non-fat skim milk for 1h at
452  ambient temperature and incubated with desired antibodies diluted in 5% BSA using a standard
453 immunoblotting procedure and detection by ECL (Millipore). Images were quantified in Imagel) by
454 densitometry and normalized to GAPDH or Tubulin loading controls. For immunoprecipitation (IP), GFP-
455 trap (GTA-20; Chromotech) or FLAG M2 (Millipore Sigma, A2220) agarose was used. Lysates were
456 harvested in 25 mM Tris, pH 7.4, 150 mM NaCl, 1% TritonX-100, 1x Halt Protease Inhibitor Cocktail
457  (ThermoFisher, 78429) and 1x PhosStop (Roche, 4906837001), clarified at 13,000 g 4°C for 15 minutes,
458  incubated with antibody-bound beads at 4°C for 2h to overnight. Beads were washed 3 times with 4°C
459 lysis buffer and eluted with 2x protein sample buffer (for GFP-trap) or 3x FLAG peptide competition (for
460 FLAG M2) and subjected to SDS-PAGE or Mass Spectrometry.

461

462 RNA isolation, sequencing, and guantitative real-time PCR (qPCR)

463  Total RNA was extracted from cells with RNeasy Plus Mini Kit (Qiagen, 74136) according to the
464  manufacturer’s instructions. RNA was quantified by NanoDrop, and RNA integrity was measured with an
465  Agilent Bioanalyzer. Samples were subjected to RNA sequencing using lllumina NovaSeq 6000 (HiSeq
466  paired-end, 100 bp). The base calling data from the sequencer were transferred into FASTQ files using
467  bcl2fastq2 conversion software (version 2.20, lllumina). PartekFlow (a start-to-finish software analysis
468 solution for next generation sequencing data applications) was used to determine differentially expressed
469 genes (DEGs). For gPCR analysis, reverse transcription was performed with iScript™ Reverse Transcription
470  Supermix for RT-gPCR (Bio-Rad). qPCR was performed real-time PCR with SsoAdvanced Universal SYBR
471 Green Supermix (Biorad). The expression of target genes was normalized to GAPDH. RT-PCR primers are
472 listed in Table S4.

473

474  Quantification and Statistical Analysis

475 Imagel software (version 1.51; National Institutes of Health, Bethesda, MD) was used for morphometric
476  analysis. Graph preparation and statistical analysis was performed using GraphPad Prism 10.0 software
477  (GraphPad software Inc.). Data were considered normally distributed, statistical significance was
478  performed using Student t test for two groups comparison or one-way ANOVA with Tukey’s post hoc
479  analysis for multiple groups comparison, as described in the figure legends. Data are presented as mean
480  + SEM. A p value less than 0.05 was considered significant (*p < 0.05, **p < 0.01, ***p < 0.001, ****p <
481  0.0001).

482

483 Data and Resource Availability

484 Data and resources generated and/or analyzed during this study are either freely available or available
485 from the corresponding author upon reasonable request.

486

487  Author contributions

488 DJ performed most of the experiments, analyzed data and prepared figures. BGC performed the CRISPR
489  screen and analysis. DJ and RC performed and analyzed PCA Ligation experiments. DJ, HD, and EM
490 performed antibody injection experiments in mice. HD and PFT performed plasma lipid analysis



https://doi.org/10.1101/2024.01.16.575958
http://creativecommons.org/licenses/by-nc-nd/4.0/

491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.16.575958; this version posted January 17, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

experiments. CFH supervised lipid analysis experiments. MAS conceived of, supervised, and acquired
funding for the project. DJ and MAS wrote the manuscript.

Acknowledgments

The authors thank Julie Lefebvre (University of Toronto, Canada) for Pcdhg’" mice, Jiasheng Zhang (Yale
University Animal Core) for PCA Ligation surgery, Dejian Zhao (Yale Center for Genome Analysis) for
analysis of RNAseq data, Schwartz lab members for extensive discussions, Yale Center for Genome
Analysis for RNAseq, Yale Keck Oligo Synthesis Resource and DNA Sequencing Core, and Harvard Center
for Mass Spectrometry. This work was supported by National Institutes of Health grant RO1 HL75092 and
a Leducq Trans-Atlantic Network Grant to MAS and American Heart Association grant #23P0ST1026109
to DJ.

Disclosure
A patent application is underway for inhibitors of Pcdhga9.

Online supplemental material
Online supplemental material includes 8 figures (Figures S1-S8), 4 tables (Tables S1-S4), and link to
access RNAseq files.


https://doi.org/10.1101/2024.01.16.575958
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.16.575958; this version posted January 17, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

511 References

512 1 Barquera, S. et al. Global Overview of the Epidemiology of Atherosclerotic Cardiovascular Disease.
513 Arch Med Res 46, 328-338, doi:10.1016/j.arcmed.2015.06.006 (2015).

514 2 Andreou, |. et al. How do we prevent the vulnerable atherosclerotic plaque from rupturing?
515 Insights from in vivo assessments of plaque, vascular remodeling, and local endothelial shear
516 stress. J Cardiovasc Pharmacol Ther 20, 261-275, doi:10.1177/1074248414555005 (2015).

517 3 Baeyens, N., Bandyopadhyay, C., Coon, B. G., Yun, S. & Schwartz, M. A. Endothelial fluid shear
518 stress sensing in vascular health and disease. J Clin Invest 126, 821-828, doi:10.1172/JCI83083
519 (2016).

520 4 Fledderus, J. O. et al. KLF2 primes the antioxidant transcription factor Nrf2 for activation in
521 endothelial cells. Arterioscler Thromb Vasc Biol 28, 1339-1346, doi:10.1161/ATVBAHA.108.165811
522 (2008).

523 5 Hahn, C. & Schwartz, M. A. Mechanotransduction in vascular physiology and atherogenesis. Nat
524 Rev Mol Cell Biol 10, 53-62, doi:10.1038/nrm2596 (2009).

525 6 Kwak, B. R. et al. Biomechanical factors in atherosclerosis: mechanisms and clinical implications.
526 Eur Heart J 35, 3013-3020, 3020a-3020d, doi:10.1093/eurheartj/ehu353 (2014).

527 7 Nayak, L., Lin, Z. & Jain, M. K. "Go with the flow": how Kruppel-like factor 2 regulates the
528 vasoprotective effects of shear stress. Antioxid Redox Signal 15, 1449-1461,
529 doi:10.1089/ars.2010.3647 (2011).

530 8 Papafaklis, M. I. et al. Effect of the local hemodynamic environment on the de novo development
531 and progression of eccentric coronary atherosclerosis in humans: insights from PREDICTION.
532 Atherosclerosis 240, 205-211, doi:10.1016/j.atherosclerosis.2015.03.017 (2015).

533 9 Nigro, P., Abe, J. & Berk, B. C. Flow shear stress and atherosclerosis: a matter of site specificity.
534 Antioxid Redox Signal 15, 1405-1414, doi:10.1089/ars.2010.3679 (2011).

535 10 Novodvorsky, P. & Chico, T. J. The role of the transcription factor KLF2 in vascular development and
536 disease. Prog Mol Biol Transl Sci 124, 155-188, doi:10.1016/B978-0-12-386930-2.00007-0 (2014).
537 11 Coon, B. G. et al. A mitochondrial contribution to anti-inflammatory shear stress signaling in
538 vascular endothelial cells. J Cell Biol 221, doi:10.1083/jcb.202109144 (2022).

539 12 Chen, W. V. & Maniatis, T. Clustered protocadherins. Development 140, 3297-3302,
540 doi:10.1242/dev.090621 (2013).

541 13 Siasos, G. et al. The Role of Shear Stress in Coronary Artery Disease. Curr Top Med Chem 23, 2132-
542 2157, d0i:10.2174/1568026623666230329085631 (2023).

543 14 SenBanerjee, S. et al. KLF2 Is a novel transcriptional regulator of endothelial proinflammatory
544 activation. J Exp Med 199, 1305-1315, doi:10.1084/jem.20031132 (2004).

545 15 Sweet, D. R., Fan, L., Hsieh, P. N. & Jain, M. K. Kruppel-Like Factors in Vascular Inflammation:
546 Mechanistic Insights and Therapeutic Potential. Front Cardiovasc Med 5, 6,
547 doi:10.3389/fcvm.2018.00006 (2018).

548 16 Xu, S. et al. The zinc finger transcription factor, KLF2, protects against COVID-19 associated
549 endothelial dysfunction. Signal Transduct Target Ther 6, 266, doi:10.1038/s41392-021-00690-5
550 (2021).

551 17 Dabravolski, S. A. et al. The Role of KLF2 in the Regulation of Atherosclerosis Development and
552 Potential Use of KLF2-Targeted Therapy. Biomedicines 10, doi:10.3390/biomedicines10020254
553 (2022).

554 18 Abe, J. & Berk, B. C. Novel mechanisms of endothelial mechanotransduction. Arterioscler Thromb
555 Vasc Biol 34, 2378-2386, doi:10.1161/ATVBAHA.114.303428 (2014).

556 19 Pancho, A., Aerts, T., Mitsogiannis, M. D. & Seuntjens, E. Protocadherins at the Crossroad of
557 Signaling Pathways. Front Mol Neurosci 13, 117, doi:10.3389/fnmol.2020.00117 (2020).


https://doi.org/10.1101/2024.01.16.575958
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.16.575958; this version posted January 17, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

558 20 Flaherty, E. & Maniatis, T. The role of clustered protocadherins in neurodevelopment and
559 neuropsychiatric diseases. Curr Opin Genet Dev 65, 144-150, doi:10.1016/j.gde.2020.05.041
560 (2020).

561 21 Jia, Z. & Wu, Q. Clustered Protocadherins Emerge as Novel Susceptibility Loci for Mental Disorders.
562 Front Neurosci 14, 587819, doi:10.3389/fnins.2020.587819 (2020).

563 22 Sen-Banerjee, S. et al. Kruppel-like factor 2 as a novel mediator of statin effects in endothelial cells.
564 Circulation 112, 720-726, doi:10.1161/CIRCULATIONAHA.104.525774 (2005).

565 23 Zhou, G. et al. Endothelial Kruppel-like factor 4 protects against atherothrombosis in mice. J Clin
566 Invest 122, 4727-4731, doi:10.1172/JCl66056 (2012).

567 24 Lefebvre, J. L., Zhang, Y., Meister, M., Wang, X. & Sanes, J. R. gamma-Protocadherins regulate
568 neuronal survival but are dispensable for circuit formation in retina. Development 135, 4141-4151,
569 doi:10.1242/dev.027912 (2008).

570 25 Prasad, T., Wang, X., Gray, P. A. & Weiner, J. A. A differential developmental pattern of spinal
571 interneuron apoptosis during synaptogenesis: insights from genetic analyses of the
572 protocadherin-gamma gene cluster. Development 135, 4153-4164, doi:10.1242/dev.026807
573 (2008).

574 26 Wang, X. et al. Gamma protocadherins are required for survival of spinal interneurons. Neuron 36,
575 843-854, d0i:10.1016/s0896-6273(02)01090-5 (2002).

576 27 Weiner, J. A., Wang, X., Tapia, J. C. & Sanes, J. R. Gamma protocadherins are required for synaptic
577 development in the spinal cord. Proc Nat! Acad Sci U S A 102, 8-14, doi:10.1073/pnas.0407931101
578 (2005).

579 28 Bjorklund, M. M. et al. Induction of atherosclerosis in mice and hamsters without germline genetic
580 engineering. Circ Res 114, 1684-1689, doi:10.1161/CIRCRESAHA.114.302937 (2014).

581 29 llyas, I. et al. Mouse models of atherosclerosis in translational research. Trends Pharmacol Sci 43,
582 920-939, d0i:10.1016/j.tips.2022.06.009 (2022).

583 30 Haas, I. G., Frank, M., Veron, N. & Kemler, R. Presenilin-dependent processing and nuclear function
584 of gamma-protocadherins. J Biol Chem 280, 9313-9319, doi:10.1074/jbc.M412909200 (2005).

585 31 Bray, S. J. Notch signalling: a simple pathway becomes complex. Nat Rev Mol Cell Biol 7, 678-689,
586 doi:10.1038/nrm2009 (2006).

587 32 Fang, J. S. et al. Shear-induced Notch-Cx37-p27 axis arrests endothelial cell cycle to enable arterial
588 specification. Nat Commun 8, 2149, doi:10.1038/s41467-017-01742-7 (2017).

589 33 Kong, P. et al. Inflammation and atherosclerosis: signaling pathways and therapeutic intervention.
590 Signal Transduct Target Ther 7, 131, doi:10.1038/s41392-022-00955-7 (2022).

591 34 Mack, J. J. et al. NOTCH1 is a mechanosensor in adult arteries. Nat Commun 8, 1620,
592 doi:10.1038/s41467-017-01741-8 (2017).

593 35 Polacheck, W. J. et al. A non-canonical Notch complex regulates adherens junctions and vascular
594 barrier function. Nature 552, 258-262, doi:10.1038/nature24998 (2017).

595 36 Park, K. S., Schecterson, L. & Gumbiner, B. M. Enhanced endothelial barrier function by
596 monoclonal antibody activation of vascular endothelial cadherin. Am J Physiol Heart Circ Physiol
597 320, H1403-H1410, doi:10.1152/ajpheart.00002.2021 (2021).

598 37 Kumar, S., Kang, D. W., Rezvan, A. & Jo, H. Accelerated atherosclerosis development in C57BI6 mice
599 by overexpressing AAV-mediated PCSK9 and partial carotid ligation. Lab Invest 97, 935-945,
600 doi:10.1038/labinvest.2017.47 (2017).

601 38 Nam, D. et al. Partial carotid ligation is a model of acutely induced disturbed flow, leading to rapid
602 endothelial dysfunction and atherosclerosis. Am J Physiol Heart Circ Physiol 297, H1535-1543,

603 doi:10.1152/ajpheart.00510.2009 (2009).


https://doi.org/10.1101/2024.01.16.575958
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.16.575958; this version posted January 17, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

604 39 Lefebvre, J. L., Kostadinov, D., Chen, W. V., Maniatis, T. & Sanes, J. R. Protocadherins mediate

605 dendritic self-avoidance in the mammalian nervous system. Nature 488, 517-521,
606 do0i:10.1038/nature11305 (2012).

607 40 Rubinstein, R. et al. Molecular logic of neuronal self-recognition through protocadherin domain
608 interactions. Cell 163, 629-642, doi:10.1016/j.cell.2015.09.026 (2015).

609 41 Gabbert, L., Dilling, C., Meybohm, P. & Burek, M. Deletion of Protocadherin Gamma C3 Induces
610 Phenotypic and Functional Changes in Brain Microvascular Endothelial Cells In Vitro. Front
611 Pharmacol 11, 590144, doi:10.3389/fphar.2020.590144 (2020).

612 42 Kaupp, V., Blecharz-Lang, K. G., Dilling, C., Meybohm, P. & Burek, M. Protocadherin gamma C3: a
613 new player in regulating vascular barrier function. Neural Regen Res 18, 68-73, doi:10.4103/1673-
614 5374.343896 (2023).

615 43 Ridker, P. M. et al. Antiinflammatory Therapy with Canakinumab for Atherosclerotic Disease. N
616 EnglJ Med 377, 1119-1131, doi:10.1056/NEJM0al1707914 (2017).

617 44 Ni, C. W., Kumar, S., Ankeny, C. J. & Jo, H. Development of immortalized mouse aortic endothelial
618 cell lines. Vasc Cell 6, 7, doi:10.1186/2045-824X-6-7 (2014).

619 45 Conway, D. E. et al. VE-Cadherin Phosphorylation Regulates Endothelial Fluid Shear Stress
620 Responses through the Polarity Protein LGN. Curr Biol 27, 2727, d0i:10.1016/j.cub.2017.08.064
621 (2017).

622 46 Alva, J. A. et al. VE-Cadherin-Cre-recombinase transgenic mouse: a tool for lineage analysis and
623 gene deletion in endothelial cells. Dev Dyn 235, 759-767, doi:10.1002/dvdy.20643 (2006).

624 47 Seimon, T. A. et al. Macrophage deficiency of p38alpha MAPK promotes apoptosis and plaque
625 necrosis in advanced atherosclerotic lesions in mice. J Clin Invest 119, 886-898,
626 doi:10.1172/JCI37262 (2009).

627 48 Budatha, M., Zhang, J. & Schwartz, M. A. Fibronectin-Mediated Inflammatory Signaling Through
628 Integrin alpha5 in Vascular Remodeling. J Am Heart Assoc 10, e021160,
629 doi:10.1161/JAHA.121.021160 (2021).

630

631


https://doi.org/10.1101/2024.01.16.575958
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.16.575958; this version posted January 17, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

632 Figure legends

633

634  Figure 1. Genome wide CRISPR screen identifies KIf2 suppressors. (a) Schematic of the KIf2 reporter
635 stably expressed in Mouse Aortic Endothelial Cells (MAEC). Destabilized EGFP (d2EGFP) is driven by the
636 KIf2 promoter while mCherry is driven by a constitutive PGK promoter as an internal control. (b) Schematic
637  of the genome wide CRISPR screen to identify modifiers (activators and suppressors) of KIf2 induction
638  under laminar shear stress (LSS; 15 dyn/cm? LSS for 16 h). (c) Functional categorization of the candidate
639 KIf2 suppressors (cumulative z score >4, 160 hits) using Ingenuity Pathway Analysis (IPA, Qiagen). (d)
640 candidate suppressors intersecting with ‘cell-surface exposed proteins on outer plasma membrane’ GO
641 term to identify candidates amenable to function neutralization by blocking antibodies (red box: validated
642 hits). (e) KIf2:GFP reporter MAECs were transduced with Cas9 plus Control sg, Pcdhga9 sg or with a human
643 Pcdhga9 (Hs Pcdhga9) vector. Cells were exposed to static (St), LSS, or disturbed oscillatory shear stress
644  (0OSS) for 16 h and immunoblotted for KIf2:GFP (N=3). Graph: quantitation of KIf2:GFP normalized to
645 Tubulin loading control. (f) Immunoblot for the inflammatory marker VCAM1 in Control or Pcdhga9
646  depleted MAECs exposed to St, LSS or OSS (N=3). Graph: quantitation of VCAM1 normalized to Tubulin
647  loading control. (g) THP-1 monocyte binding to Control si or Pcdhga9 si Human Umbilical Vein Endothelial
648  Cells (HUVECs) exposed to St or OSS for 16 h (N=4). Graph: quantitation of bound THP1 monocytes per
649 field (THP1 binding index). Statistical analysis used one-way ANOVA. Scale bar: (g) 100 um.

650

651 Figure 2. Protocadherin gamma (Pcdhg) gene cluster suppresses hemodynamic KlIf2/4. (a) Top:
652  schematic of Pcdhg gene cluster organization consisting of 22 genes with their unique/variable first exon
653 (and individual promoter, not shown) and three common/constant 3’ exons that form the common
654  cytoplasmic domain (CCD). Bottom: strategy for silencing (knocking down) the entire Pcdhg gene cluster
655  with asiRNA targeting the common region (shaded bar and dashed lines). (b) Validation of siRNA mediated
656 knockdown of the entire Pcdhg gene cluster (22 genes) in HUVECs by immunoblot with an antibody to the
657 common domain (N=3). Graph: quantitation of Pcdhg levels normalized to GAPDH loading control. (c, d)
658  qRT-PCR for KlIf2 (c) and Kif4 (d) in control and Pcdhg-depleted HUVECs exposed to St, LSS and OSS for 16
659  h.(e) THP-1 monocyte binding to Control si or Pcdhg si HUVECs exposed to St or OSS for 16 h (N=3). Graph:
660  quantitation of THP1 monocytes per field per condition (THP1 binding index). (f) Immunoblot for KIf4 in
661  Control si or Pcdhg si HUVECs, treated with lovastatin (0.0, 0.1 or 1.0 uM) for 16 h. Graph: quantitation of
662 KIf4 normalized to GAPDH loading control. (g) Immunoblot for VCAM1 and KIf4 in Control si or Pcdhg si
663  HUVECs, untreated or treated with TNFa (1 ng/ml) for 16 h (N=3). Graphs: quantitation of VCAM1 and
664 KIf4 normalized to GAPDH loading control with or without TNFa. (h) THP-1 monocyte binding to Control
665  sior Pcdhg si HUVECs untreated or treated with TNFa (1ng/ml) for 16h (N=6). Graph: quantitation of THP1
666  monocytes per field per condition. Statistical analysis was carried out using one-way ANOVA. Scale bar:
667  (e) 100 um, (h) 250 um.

668

669  Figure 3. Pcdhg endothelial knockout protects against atherosclerosis. (a) Schematic showing Pcdhg
670  floxed mouse (Pcdhg™™ mouse line?#?°) and generation of Pcdhg endothelial knockout (ECKO) by crossing
671 Pcdhg’™ with Cdh5Cre. The third constant exon is tagged with GFP and floxed. Cre-mediated
672 recombination excises the third constant exon creating a premature stop codon leading to non-sense
673 mediated decay. (b) Analysis of progeny genotype showing Pcdhg ECKO at the expected Mendelian ratio.
674  (c) Aortic arch from Control or Pcdhg ECKO adult mice immunostained for KIf4 and examined en face
675 (N=3). Geater curvature denotes the regions of laminar shear while lesser curvature denotes the regions
676  of low, disturbed shear. Graph: quantitation of the mean fluorescence intensity (MFI) per cell. (d)
677  Schematic of atherosclerosis study. 8-10 week-old Control or Pcdhg ECKO mice were injected with pCSK9-
678  Adeno Associated Virus 8 (AAV8) and maintained on High Fat Diet (HFD) for 16 weeks, starved overnight,
679  and analyzed for blood lipids and vessel histology. (e, f) Whole aortas were stained with Oil Red O to mark
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680 lipid-rich regions and imaged en face (N=6 each sex). Graph: quantitation of percent Oil Red O positive
681 area for males (e) and females (f). (g) Sections from aortic roots were stained with Hematoxylin and Eosin
682 (H&E) (N=5) or Oil Red O. Graphs: quantitation of atherosclerotic plaque area, necrotic core (NC) area and
683 fibrous cap (FC) thickness. (h) Atherosclerotic plaques (dotted area) in aortic root sections were stained
684  for the macrophage/monocyte marker CD68 (N=3). Graph: quantitation of CD68 MFI. Statistical analysis
685  was carried out using Student’s t-test. Scale bar: (c) 50 um, (e, f) 500 um, (g, h) 200 pm.

686

687 Figure 4. Signaling via nuclear ICD is necessary and sufficient for suppression of KIf2/4. (a, b) Gene
688 organization of Pcdhg cluster with the three 3’ exons (blue), coding for the Carboxy terminal constant
689  domain (CCD) shared by all 22 members. (b) Mutant constructs. (c) HUVECs transfected with indicated
690 constructs and treated with LSS for 16h. Immunoblotting confirms expression of mutants and effects on
691 endogenous KIf4 (N=3). Graph: quantitation of KIf4 normalized to GAPDH loading control. The C-terminal
692 GFP-tagged mutants were expressed at comparable levels (GFP immunoblot). (d) Schematic showing
693 cleavage and nuclear translocation of the Pcdhg ICD. (e) HUVECs expressing additional mutants (C-
694  terminal FLAG-tagged) were immunostained for FLAG and counterstained with DAPI to mark nuclei (N=3).
695 (f) HUVECs expressing the mutants were exposed to LSS and immunoblotted for KIf4 (N=3). Graph:
696  quantitation of KIf4 normalized to GAPDH loading control. The C-terminal FLAG-tagged mutants were
697  expressed at comparable levels (FLAG immunoblot). Full: Full length; ECD: Extracellular domain; TM:
698 Transmembrane domain; VCD: Variable C-terminal domain; CCD: Constant C-terminal domain; ACCD:
699 Deleted CCD; ICD: Intracellular domain (VCD+CCD); NLS: Nuclear Localization Signal; ANLS: Deleted NLS.
700  Statistical analysis used Student’s t-test. Scale bar: (e) 20 um. *p < 0.05, **p < 0.01, ***p < 0.001, ****p
701 < 0.0001.

702

703 Figure 5. A physical and functional Pcdhg-Notch axis regulates hemodynamic KIf2/4. (a) Schematic of
704 bulk RNAseq analysis of Control si, Pcdhg si and Pcdhg+KIf2/4 triple si HUVECs to identify Pcdhg-
705  dependent, KIf2/4 independent DEGs (green shaded area). (b) Immunoblot validation of Pcdhg and Klf4
706  depletion. (c) Upstream regulatory pathway/process analysis from the DEGs using Enrichr. (d) Heat map
707  of upregulated Notch target genes in Pcdhg si and Pcdhg si+KIf2/4 si compared to Control si from the
708 RNAseq analysis. (e) Control si or Pcdhg si HUVECs were exposed to St or LSS for 2h and immunoblotted
709  for the cleaved Notch1l Intracellular Domain (NICD Val1744) (N=3). Graph: quantitation of NICD Val1744
710 normalized to GAPDH loading control. (f) The NICD-dependent transcription was blocked with RIN1, a
711 pharmacological inhibitor of Notch-RBPJ interaction (RBPJi) or RBPJ siRNA (RBPJ si). HUVECs were exposed
712 to LSS for 16h and immunoblotted for KIf2 and KIf4 (N=3). Graph: quantitation of KIf2 and KIf4 normalized
713 to GAPDH loading control. (g) Schematic showing Notchl. ECD: Extracellular domain; TM:
714  Transmembrane domain; ICD: Intracellular Domain. The asterisks (*) show the NICD peptides identified in
715  the Mass Spectrometry analysis of the Ips of full but not the ACCD Pcdhg mutant. (h, i) Co-IP of Pcdhg and
716 NICD Val1744. Inputs used as loading controls for IPs. (h) HUVECs expressing full or ACCD Pcdhg (C-term
717  GFP-tagged) were immunoprecipitated (IP) with GFP nanobody beads and immunoblotted for NICD
718  Val1744 (N=3). Vector alone used as negative control for the IP. (i) HUVECs expressing CCD or ANLS-CCD
719 mutant (C-term FLAG-tagged) were immunoprecipitated (IP) with FLAG antibody beads and
720 immunoblotted for NICD Val1744 (N=3). Statistical analysis was carried out using Student’s t-test or one-
721  way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

722

723 Figure 6. Pcdhga9 blocking antibody in experimental atherosclerosis. (a) Schematic of homophilic
724  adhesion assay and function blocking monoclonal antibody (mAb) generation from Pcdhga9 ECD. (b)
725 Pcdhga9 ECD was immobilized in 96 wells and percent MAECs that adhered measured (N=3). (c) Adhesion
726  of MAECs to ECD in the presence of Isotype control or function-blocking mAb A9 (N=4). Graph:
727  quantitation of percent total cells adhered to ECD. (d, e) KIf2:GFP reporter MAECs with Isotype control or
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728  mAb A9 tested for KIf2:GFP expression after 16h LSS (N=12) or immunostained for VCAM1 after OSS for
729 16 h 0SS (N=7). Graphs: quantitation of KI/f2:GFP and VCAM1 levels normalized to mCherry internal
730 control. (f) Schematic of Partial Carotid Artery (PCA) Ligation model of accelerated atherosclerosis. LCA:
731 Left Carotid Artery; RCA: Right Carotid Artery. (g) Experimental design. Antibodies were administration via
732 intraperitoneal (IP) injection into in Apoe”" mice. (h) Whole mount brightfield image showing branching
733 of LCA and RCA from aorta, with atherosclerotic plaque (yellow brackets) visible in the ligated LCA. (i) LCA
734 and RCA sections were stained with Qil Red O to identify for lipid-rich atherosclerotic plaque (N=6). Graph:
735  quantitation of Oil Red O positive area fraction. Statistical analysis was carried out using Student’s t-test.
736 Scale bar: (c, i) 100 um, (h) 1 mm. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

737

738 Figure 7. Pcdhg in human atherosclerosis. (a) Artery sections from human CVD patients and healthy
739 controls stained for Pcdhg and for Erg to mark ECs (N=8). Graph: quantitation of Pcdhg level in ECs. (b)
740 Human coronary artery sections from elderly donors stained for Pcdhg levels, comparing Plaque region to
741 segments of the same artery without evident plague (Normal region). Sections were stained for Erg to
742 mark ECs (N=3). Graph: quantitation of Pcdhg staining intensity in ECs. Statistical analysis used Student’s
743  t-test. Scale bar: (a, b) 50 um. *p < 0.05, **p < 0.01, ***p < 0.001, ns (not significant) > 0.05.

744

745

746

747
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Figure 1. Genome-wide CRISPR screen identifies KIf2 suppressors
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Figure 2. Protocadherin gamma (Pcdhg) gene cluster suppresses hemodynamic KIf2/4
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Figure 3. Pcdhg endothelial knockout protects against atherosclerosis
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Figure 4. Signaling via nuclear ICD is required and sufficient for suppression of KIf2/4
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Figure 5. A physical and functional Pcdhg-Notch axis regulates hemodynamic Klf2/4
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Figure 6. Pcdhga9 blocking antibody in experimental atherosclerosis
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Figure 7. Pcdhg in human atherosclerosis
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