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One Sentence Summary

PCLAF-DREAM-driven cell plasticity is essential for lung regeneration, pharmacologically
manipulated as a preventive strategy for lung fibrosis.

Abstract

The spatiotemporal orchestration of stem/progenitor cells is essential for lung regeneration, the
failure of which leads to lung disease, including fibrosis. However, the mechanism of alveolar cell
plasticity during regeneration remains elusive. We previously found that PCLAF remodels the
DREAM complex for cell quiescence exit and cell proliferation. PCLAF is expressed explicitly in
pulmonary proliferative cells, along with the DREAM target genes. Pclaf expression and Pclaf-
expressing cells were acutely increased upon lung injury. Intriguingly, Pclaf knock-out mice
exhibited lung fibrosis resulting from alveolar type I (AT1) cell loss. The single-cell transcriptome
and organoid analyses showed that Pclaf-DREAM complex—transactivated gene expression is
required for alveolar type II (AT2) cell transition into AT1. Mechanistically, Clic4, transactivated
by the Pclat-DREAM complex, activates TGF-f3 signaling for AT2-PPCs-AT1 cell lineage
trajectory. Furthermore, pharmacological mimicking of the Pclaf-mediated transcriptome
markedly increased alveolar regeneration. Our study unveils an unexpected role of the PCLAF-
DREAM axis in controlling alveolar cell plasticity for lung regeneration and proposes a viable
option for lung fibrosis prevention.
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Introduction

Lung disease is one of the leading causes of death, with one in six deaths worldwide (/). Various
environmental pathogens and stresses cause lung injuries (2-4). Stem and progenitor cell-driven
regenerative potency functionally restores damaged lungs (5, 6). The failure of lung
stem/progenitor cell activation or differentiation results in lung disease, including pulmonary
fibrosis (3-8). Alveolar type 11 (AT2) cells have been suggested as a pivotal cell type in lung
regeneration. Dysregulation of the facultative progenitor capacity of AT2 cells induces lung
fibrosis rather than regeneration (7, 9-13). Downregulation of Toll-like receptor 4-hyaluronan
interaction (7) and sustained mechanical tension (/3) inhibits AT2 cell stemness and plasticity.
Telomere dysfunction (/0) and mutant surfactant protein C (SPC) (//) promote AT2 cell
hyperplasia, causing the failure of lung regeneration. Therefore, the precise control of AT2 cells
is vital for lung regeneration. However, the detailed mechanism of AT2 cell activation and
plasticity remains ambiguous.

The dimerization partner, retinoblastoma (RB)-like, E2F, and multi-vulval class B
(DREAM) complex is an evolutionarily conserved multiprotein complex that orchestrates cell
quiescence and the cell cycle (/4-17). Dissociation of the multi-vulval class B (MuvB) core
complex with RBL2 (retinoblastoma-like protein 2/p130), E2F4, and DP1 (E2F dimerization
partner 1) drives the MuvB complex to bind to BYMB and FOXMI1, transactivating cell cycle-
related DREAM target genes and leading to cell quiescence exit and cell proliferation (/8). We
recently found that proliferating cell nuclear antigen—associated factor (PCLAF/PAF/KIAA0101)
remodels the DREAM complex to bypass cell quiescence and promote cell proliferation (/9).
PCLAF is also indispensable for cell stemness and the plasticity of breast cancer cells and intestinal
stem cells (20, 21). These studies led us to evaluate the role of PCLAF in lung regeneration.

Results
PCLAF-positive cells are elevated during lung regeneration

We first characterized PCLAF-positive cells in the lungs by analyzing the data set of single-cell
RNA-sequencing (scRNA-seq) of murine (GSE141259) and human (GSE135893) lung tissues.
The mouse lungs showed that Mki67" pulmonary proliferating cells (PPCs) specifically expressed
Pclaf (Fig. 1, A to C). These PPCs barely expressed mature lung epithelial cell markers or lung
stem/progenitor cell markers (Fig. S1, A, C, and D, and Data file S1). The human lungs also
showed specific expression of PCLAF in PPCs (Fig. 1, D to F, Fig. S1, B, E, and F, and Data file
S2). To understand the role of PCLAF in lung regeneration, we utilized a bleomycin-induced lung
injury mouse model, widely used to study lung injury, regeneration, and fibrosis (22). Upon the
instillation of bleomycin, the number of PPCs was elevated in the mouse lungs (Fig. 1G).
Bleomycin injury also led to increased Pclaf expression, which peaked at 7 days post-injury (dpi)
and decreased at 14 dpi in the mouse lung tissues (Fig. 1H), consistent with the immunostaining
results for Pclaf (Fig. 11). In addition, Pclaf-lacZ knock-in mice displayed a similar increase in
Pclaf* cells in the regenerating lungs (Fig. 1, Jto L).
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80  Pclafis indispensable for repopulation of AT1 cells during lung regeneration

81  Next, to determine the role of PCLAF in lung regeneration, we administered a low dose of
82  bleomycin (1.4 U/kg) to Pclaf wild-type (WT) and knock-out (KO) mice (Fig. 2A). Bleomycin
83  initially damages the alveolar epithelium, including alveolar type I (AT1) and AT2 cells, followed
84 by inflammation and interstitial fibrosis (22-24). At the early stage of bleomycin administration,
85  both Pclaf WT and KO mice exhibited a gradual decrease in blood oxygen levels (peripheral
86  oxygen saturation [SpO-]) and breath rate per minute until 5 dpi (Fig. 2B). Interestingly, Pclaf KO
87  mice showed the attenuated and delayed restoration of SpO, saturation and breath rate per minute
88  at 9 dpiand decreased O, saturation at 21 dpi (Fig. 2B). At the acutely damaged stage (3 dpi), both
89  Pclaf WT and KO mice showed a severely reduced number of Rage™ (AT1) and Spc* (AT2) cells
90 (Fig. 2, C and D, and Fig. S2). However, consistent with the results of pulmonary functional
91 analysis, Pclaf KO showed decreased ATI cells at the regeneration stage (7 dpi) and chronic
92  fibrosis stage (21 dpi) (Fig. 2, C and D, and Fig. S2). Intriguingly, the number of AT2 cells was
93  elevated in Pclaf KO mice upon bleomycin (Fig. 2, C and D, and Fig. S2). Unlike WT lung tissues,
94  Pclaf KO lungs exhibited more inflamed and condensed tissue (Fig. 2E), with severe fibrotic
95  features confirmed by picrosirius red (a dye staining collagen) and aSma/Acta2 (a marker for
96  myofibroblasts) staining (Fig. 2, F to H). These results suggest that Pclaf is indispensable for
97  bleomycin-induced lung regeneration.

98 AT?2 cells replenish AT1 cells during lung regeneration (25). Having observed that Pclaf

99 KO impaired lung regeneration with the aberrantly increased AT2 cells, we next determined the
100  impact of Pclaf KO on cell plasticity between AT2 and AT1 cells by using lung organoids (LOs).
101  We evaluated the lung organoid-forming efficiency (OFE) and cellular heterogeneity generation
102 of two different LO culture methods, co-culture systems with lung endothelial cells (LuECs) or
103 lung mesenchymal cells (LuMSCs) in the 3D organoid air-liquid interface (Fig. S3A) (26-28).
104  Both culture methods were sufficient to grow LOs (Fig. S3A). While LOs with LuMSCs were
105  mainly differentiated into the bronchiolar type, LOs co-cultured with LuECs developed into both
106  alveolar and bronchiolar types of LOs (Fig. S3, B to D), which led us to choose LuECs as stromal
107  cells for subsequent LO experiments. We isolated and cultured lung epithelial cells
108  (Epcam®/Ter119/Cd31/Cd45) from Pclaf WT or KO mice at 7 dpi (bleomycin) with LuECs (Fig.
109  2I). Notably, OFE was reduced in Pclaf KO cells compared to in Pclaf WT cells (Fig. S4, A and
110  B). In addition, Pclaf KO LOs showed fewer alveolar (~12%) and bronchioalveolar types (~50%),
111 whereas Pclaf WT LOs displayed alveolar (~27%) and bronchioalveolar types (~70%) (Fig. S4, C
112 and D). Interestingly, the bronchiolar type of LOs was generated only by Pclaf KO (~29%) (Fig.
113 S4, C and D). Moreover, Pclaf KO alveolar-type LOs showed fewer AT1 cells, consistent with in
114 vivo results (Fig. 2, J and K). These data indicate that Pclaf is required for the plasticity of ATI
115  and AT?2 cell lineage during lung regeneration.

116  Pclaf KO suppresses AT2 cell lineage plasticity

117  To further explore the cellular mechanism of Pclaf-controlled lung regeneration, we leveraged
118  single-cell transcriptomics. We isolated pulmonary epithelial cells from Pclaf WT or KO lung
119  tissues at 7 dpi (bleomycin) and performed scRNA-seq (Fig. SSA). Cells were clustered and
120  annotated based on the established cell markers (Fig. 3, A and B, Fig. S5B, Fig. S6, and Data file
121 S3). The AT2 cells were refined into two subsets, AT2 (Lcn2"e") and AT2 (Slc34a2hieh) cells (Fig.
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122 3B, Fig. S6, D and E). Consistent with the in vitro and in vivo results, Pclaf KO lungs showed
123 reduced ATI cells and elevated AT2 (Slc34a2hieh) cells (Fig. 3, B and C). Additionally,
124 AT2med/AT1™ cells, transitioning cells from AT2 into AT1 (29, 30), were decreased in Pclaf KO
125  mice (Fig. 3, B and C). In line with previous studies (25, 29, 30), an RNA velocity—based cell
126  lineage trajectory analysis showed the cellular trajectory from AT2 cells into AT1 cells in Pclaf
127  WT (Fig. 3, D to F, and 3H). AT2 (Lcn2"e") cells serve as root cells that differentiate into AT1
128  cells through two different paths, via AT1™4/AT2™< cells or PPCs and Krt8" cells. Additional cell
129  lineage trajectories from AT2 (Lcn2Meh) cells to AT2 (Slc34a2hieh) cells through PPCs were
130  observed (Fig. 3, D to F, and 3H). Unlike Pclaf WT, Pclaf KO lung showed a favored trajectory
131  of PPCs into AT2 (Slc34a2Meh) cells (Fig. 3, D to F, and 3H). Additionally, in Pclaf KO lungs,
132 Krt8" cells and ATI™Y/AT2™d cells showed lineage trajectories into AT2 (Lcn2Me") and AT2
133 (Slc34a2hieh) cells, respectively, rather than toward AT1 cells (Fig. 3, D to F, and 3H). Consistently,
134 the CytoTRACE analysis showed a less differentiated cell status in transitioning AT 1™med/AT2med
135  cells of Pclaff KO lungs than of WT lungs (Fig. 3G). While AT2 cells self-renewed and
136  differentiated into AT1 cells via PPCs for normal lung regeneration, Pclaf KO impaired ATI
137  differentiation from PPCs derived from AT2 cells (Fig. 3H). These results suggest that Pclaf
138  promotes the cell plasticity of AT2 and PPCs into AT1 for lung regeneration.

139  PCLAF-DREAM acxis is required for AT1 cell differentiation cells during lung
140  regeneration

141  Next, we sought to elucidate the underlying mechanism of PCLAF-controlled AT2 cell plasticity.
142 PCLAF remodels the repressive DREAM complex to activate the target gene transcription (/9).
143 Consistent with the specific expression of PCLAF/Pclaf in PPCs, the expression of DREAM target
144  genes was exclusively enriched in the PPCs of human and mouse lung tissues (Fig. 4, A and B,
145  and Fig. S7A), also confirmed by gene set enrichment analysis (GSEA) of Pclaf WT vs. KO lung
146  tissues (Fig. 4C, and Fig. S7B). Intriguingly, Pclaf KO PPCs displayed lower expression of the
147  DREAM target genes than did Pclaf WT PPCs (Fig. 4D), implying that the DREAM complex
148  might be functionally associated with PCLAF-controlled AT2 cell plasticity. To test this, we
149 pharmacologically and genetically manipulated the DREAM complex in the LOs isolated from the
150  mice treated with bleomycin. First, we used harmine, an inhibitor of DYRK1A that suppresses the
151 DREAM complex (31, 32). DYRKI1A-phosphorylated serine residue (Ser28) of LIN52, a core
152 subunit of the DREAM/MuvB complex, is essential for recruiting RBL2/p130, E2F4, and DPI to
153 the MuvB core complex to form a repressive DREAM complex, which subsequently suppresses
154  gene transactivation. Thus, harmine-inhibited DYRK1A constitutively activates DREAM target
155  gene expression. Harmine treatment rescued OFE inhibited by Pclaf KO (Fig. 4, E to G). Harmine
156  also restored the lung regeneration impaired by Pclaf KO, with increased AT1 and decreased AT2
157  cells (Fig. 4, H and I). Moreover, the ectopic expression of the Lin52-S28 A mutant, which is no
158  longer phosphorylated by DYRK2 and consequently activates the DREAM target gene expression,
159  rescued the Pclaf KO phenotype by AT1 cell repopulation, restored the number of AT2 cells, and
160  increased OFE (Fig. 4, J to L, and Fig. S8). WNT signaling maintains AT2 cell stemness (33).
161  Although PCLAF hyperactivates WNT/B-catenin in the intestine (27, 34), B-catenin target genes
162 (Cd44, Ccndl, and Bmp4) were marginally downregulated in Pclaf KO PPCs. Additionally, the
163 Sox9-based progenitor gene signature, which positively regulates lung stem/progenitor cell
164  plasticity (35), and Myc transactivated by Pclaf in the intestine (2/) were not downregulated in
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165  Pclaf KO PPCs (Fig. S9). These results suggest that the PCLAF-DREAM axis—controlled
166  transcriptome mediates alveolar cell lineage plasticity for lung regeneration.

167 PCLAF-DREAM-activated CLIC4-TGFp signaling axis is required for AT1 cell
168  differentiation

169  Among the differentially expressed genes (DEGs; Pclaf WT vs. KO) of the DREAM target genes,
170 Clic4 showed reduced expression in transitioning cells (PPC, Krt8*, and AT2™/AT1™ cells (Fig.
171 S10A), validated by immunostaining (Fig. 5, A and B). CLIC4 is an integral component of TGF-
172 B signaling, required to transdifferentiate AT2 cells into AT1 cells during lung regeneration (36,
173 37). CLIC4 positively modulates TGF-f signaling by preventing the dephosphorylation of
174 phospho-SMAD2/3 in the nucleus (38, 39). Given the crucial role of TGF-B/SMAD signaling in
175  the lung regeneration (36, 37), we hypothesized that the PCLAF-DREAM-activated CLIC4-TGF-
176 B signaling axis is required for AT2 cell plasticity into AT1 cells. Indeed, SMAD3 target genes
177  from three datasets (40, 41) were downregulated in Pclaf KO PPCs but not in other cell types
178  compared to WT (Fig. 5C). In addition, a GSEA showed the enrichment of Smad2 or Smad3 target
179  gene expression in Pclaf WT PPCs compared to in Pclaf KO PPCs (Fig. 5D, and Fig. S7B).
180  Moreover, a SCENIC gene network analysis showed reduced Smad3 regulon activity in Pclaf KO
181  PPCs and Krt8" cells (Fig. 5E), consistent with the reduced p-Smad3 in the lung of Pclaf KO mice
182  treated with bleomycin, compared to the Pclaf WT regenerating lung (Fig. 5, F and G). Conversely,
183  harmine treatment restored Clic4 and p-Smad3 expression downregulated by Pclaf KO (Fig. S10,
184 B to E). Next, to determine the role of the CLIC4-TGF-f signaling axis in AT2 cell plasticity, we
185  ectopically expressed Clic4 in Pclaf KO LOs. Clic4 expression increased phosphorylation of
186  Smad3 (Fig. S10, F and G) and rescued the AT1 differentiation blocked by Pclaf KO (Fig. 5, H to
187 ], and Fig. S10H), as did temporarily controlled TGF-f3 treatment (Fig. 5, K to N, and Fig. S11).
188  Notably, human PPCs from idiopathic pulmonary fibrosis (IPF) showed reduced CLIC4 and
189  SMAD3-target genes expression compared to PPCs from normal lungs (Fig. 5, O and P). TGF-f3
190  signaling also contributes to lung fibrosis (42). While regenerating alveoli lesions showed
191  decreased p-Smad3 by Pclaf KO, the inflamed lesions exhibited elevated p-Smad3 (Fig. S12).
192  Additionally, human IPF fibroblasts showed increased SMAD3-target gene expression compared
193  to normal lung fibroblasts (Fig. S13). These results suggest that the PCLAF-DREAM-activated
194  CLICA4-TGF-p axis is required for AT2 cell plasticity in lung regeneration.

195  Pharmacological mimicking of PCLAF-DREAM-activated transcriptional signature
196  attenuates lung fibrosis

197  For the pharmaceutical application of PCLAF-DREAM-controlled lung regeneration, we
198  exploited the perturbational datasets (L1000) using the CLUE platform (43), identifying drug
199  candidates that mimic PCLAF-activated transcriptional signatures. Since PCLAF also promotes
200  lung tumorigenesis (/9), to minimize the risk of tumorigenesis by drug candidates, we excluded
201  any drugs that were identified from the Pclat/PCLAF depleted gene sets of the mouse lung tumors
202 (Kras®'?P/Trp537; KP) and human (H1792) lung cancer cell lines (Fig. 6, A and B, and Data file
203  S4 and S5) (/9), which identified four drugs (phenelzine, trimethobenzamide, ibuprofen, and RS
204  23597-190) (Fig. 6B). Among those, phenelzine, an FDA-approved anti-depressor, increased OFE
205  (Fig. S14) and AT]1 cells in LOs (Fig. 6, C and D). Additionally, phenelzine reduced the numbers
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206  of ciliated cells and elevated club cells in LOs (Fig. 6, C and D). Next, we tested the impact of
207  phenelzine on lung regeneration in mice given a high dosage of bleomycin (2.7 U/kg). Phenelzine
208  ameliorated bleomycin-decreased SpO: levels (Fig. 6F) and markedly reduced lung fibrosis with
209  arestored ATI cell repopulation (Fig. 6, G to J). These data suggest that phenelzine, a PCLAF
210  activation—mimicking drug, has therapeutic efficacy in lung regeneration and fibrosis.

211 Discussion

212 Accumulating evidence suggests that during alveolar regeneration, AT2 cells act as progenitor
213 cells that differentiate toward AT1 cells through intermediate cell states. Such transient cells
214 express low levels of AT1 and AT2 markers and their specific genes, such as Krt8 (25, 29, 30).
215  Several developmental signaling pathways (BMP (44), NOTCH (44), and YAP/TAZ (45))
216  contribute to cell transition from AT2 to ATl during regeneration. However, the detailed
217  mechanism of AT2 cell lineage plasticity during regeneration remains elusive. Our study identified
218  anew role of the PCLAF-DREAM axis in cell plasticity (from AT2 to AT1). The primary function
219  of the DREAM complex in orchestrating the cell cycle and cell quiescence by transactivating or
220  repressing gene expression has mainly been investigated using in vitro systems (17, 18, 46-51).
221  Recently, we found that the deregulated DREAM complex promotes lung tumorigenesis in vivo
222 (19). Genome-wide analyses showed that most DREAM target genes are cell cycle-related genes
223 (46, 50) and genes involved in other biological processes (Data file S6). Given that the DREAM
224 complex coordinates the cell cycle (17, 18, 46-50), we initially hypothesized that the PCLAF-
225 DREAM axis induces mitotic activation of lung progenitor cells for regeneration. Indeed, the
226  expression of cell cycle-related genes (Top2a and Mki67) were decreased in Pclaf KO PPCs (Fig.
227  S10A) with reduced OFE (Fig. S4, A and B). However, Pclaf KO mice showed a slightly higher
228  number of PPCs than Pclaf WT mice (Fig. 3C), which might be due to “stalled” transitioning from
229  PPCs to Krt8" cells. Unlike Pclaf WT PPCs, which show cellular trajectory into AT2 (Slc34ahieh)
230  and Krt8" cells during normal regeneration, Pclaf KO PPCs failed to differentiate into Krt8" cells
231  (Fig. 3, D to F, and 3H), which might result in an increased number of PPCs in Pclaf KO mice. In
232 addition, it should be noted that the number of AT2 (Slc34ahie") cells differentiated from PPCs was
233 elevated by Pclaf KO (Fig. 2 and 3). Intriguingly, our data also showed that DREAM complex—
234  mediated gene transactivation is indispensable for the differentiation of PPCs into AT1 cell lincage
235  (Fig. 4). Clic4 transactivated by the PCLAF-DREAM complex positively modulates TGF-3
236  signaling (38), driving PPCs to AT1 differentiation (Fig. 5). Our results unveil an unexpected role
237  of the DREAM complex in positively regulating cell plasticity and promoting tissue regeneration
238  beyond its canonical role in controlling cell quiescence and proliferation.

239 Despite the recent single-cell transcriptomics of the lungs (29, 30, 35, 52), the proliferating
240  cell clusters have not been studied. Herein, our results suggest that PPCs are the transitioning cells
241  during alveolar regeneration. Recently, Murthy et al. proposed that ATO cells expressing SFTPC
242 and SCGB3A2 transiently differentiate into AT1 cells in human lungs (53). These ATO cells are
243 proliferating cells expressing MKI67 (53), consistent with our finding that PPCs are intermediate
244  transitioning cells generating AT1 cells.


https://doi.org/10.1101/2022.10.11.511761
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.11.511761; this version posted October 11, 2022. 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.

245 TGF-p signaling has been proposed as one of the driving factors for lung fibrosis (54) by
246  promoting the epithelial-mesenchymal transition of AT2 cells (55). Other studies suggest that
247  TGF-P signaling is required for the alveolar cell plasticity (36) and alveolar regeneration (37). Our
248  results showed that TGF-P signaling is necessary for AT1 cell regeneration in the context of PPCs.
249  In Pclaf KO lung, p-Smad3 was significantly decreased in regenerative alveoli lesions (Fig. 5, F
250  and G) but elevated in inflamed fibrotic lesions (Fig. S12). In line with this, SMAD3-target genes
251  were downregulated in IPF PPCs while upregulated in IPF fibroblasts compared to normal lungs
252 (Fig. 5, O and P, and Fig. S13). Thus, it is highly likely that TGF-3 signaling spatiotemporally
253  contributes to lung fibrosis or regeneration, depending on cell types or lesions.

254 The current therapeutic strategy for lung fibrosis has focused on inhibiting fibroblasts using
255  pirfenidone and nintedanib (56). Recent studies suggested that failure of lung regeneration is one
256  of'the fundamental pathogeneses of lung fibrosis (7, 9-13). Intriguingly, disrupted AT2 cell linecage
257  plasticity by Pclaf KO drove lung fibrosis rather than lung regeneration (Fig. 2). Based on our
258  findings, we identified PCLAF-activation—mimicking drugs and validated their therapeutic impact
259  on lung regeneration in vivo and in vitro (Fig. 6). This strategy, which facilitates the repopulation
260  of functional lung epithelial cells, may be an alternative regimen or preventive measure for lung
261  fibrosis caused by thoracic radiotherapy in lung cancer patients.

262 The Pclaf KO mice showed slight alteration of immune cell status (57). Since immune cells
263  also play an essential role in lung regeneration and disease (58), the impact of Pclaf KO on immune
264  cells may contribute to the lung regeneration phenotype. Nonetheless, consistent with the Pclaf
265 KO mouse phenotype, the results from lung organoids without immunocytes suggest that the role
266  of the PCLAF-DREAM axis in lung epithelial cell plasticity is independent of immune cells.
267  Although mouse and organoid models have been extensively employed to study Ilung
268  pathophysiology, our finding in murine systems remains to be tested in a human-relevant system,
269  such as human lung organoids.

270 Together, our comprehensive approaches reveal a new role of the PCLAF-DREAM axis in
271  driving alveolar cell plasticity via CLIC4-TGF-f for lung regeneration. Furthermore, this study
272 suggests that phenelzine, a drug mimicking the PCLAF-DREAM transcriptional signature, may
273  be a viable therapeutic option for lung disease.

274
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304 Materials and methods

305

306 Mice

307  All mouse experiments were approved by the MD Anderson Institutional Animal Care and Use
308 Committee and performed under MD Anderson guidelines and the Association for Assessment
309 and Accreditation of Laboratory Animal Care international standards. Pclaf KO mice from a
310 previously established model (27) were used. The Pclaf-lacZ knock-in strain was generated by
311 breeding Pclaf-lacZ-neo mice with Rosa26-Cre driver mice. The Pclaf-lacZ-neo strain was
312  established by in vitro fertilization of the sperm carrying the Pclaf-lacZ-neo targeted allele
313 (C57BL/6N-AMIBrd peafimlaEUCOMMWS /WigiPh; EMMA ID: EM:09820). The targeted or
314  recombinant alleles were validated by genomic DNA PCR and Sanger sequencing.

315

316 Bleomycin-induced lung injury

317  Eight to ten-week-old mice were anesthetized via inhalation of isoflurane using a calibrated
318  vaporizer for approximately 3 mins. The mice were positioned on the intratracheal intubation stand
319  and intubated IV catheters (22GA x 1.00 IN, 0.9 x 25 mm; BD, NJ) in the trachea using BioLite
320  (Biotex, TX) intubation system with optic fiber. The intubated mice were given 1.25 U/kg of
321  bleomycin in 50 pl of PBS. One day before the injury, the blood arterial oxygen saturation and
322 breath rate per minute were recorded using a small rodent oximeter sensor mounted on the thigh
323  of each tested mouse (MouseOX; STARR Life Sciences, Oakmont, PA) every other day. Data
324  were collected for a minimum of 10 seconds with no error code. The mice were euthanized at the
325  acute injury phase (3 days after injury [dpi], regeneration phase [7 dpi], and chronic fibrotic phase
326  [21 dpi]) for post-mortem lung tissue collection, followed by histology.

327

328  Histology and immunohistochemistry

329  Lung tissues were perfused with cold phosphate-buffered saline (PBS, pH 7.4) into the right
330  ventricle, fixed with 10% formalin, embedded in paraffin, and sectioned at 5-pum thickness. The
331  sections were stained with hematoxylin and eosin for histological analysis. For picrosirius red
332  staining, deparaffinized and hydrated sections were stained with picrosirius red solution (0.1%
333 Direct Red 80 [Sigma] in saturated [1.3%] picric acid) for 1 hr. Sections were washed with 0.5%
334 acetic acid and dehydrated before mounting. For the immunohistochemistry analysis, sections
335  were immunostained according to standard protocols(/9). For antigen retrieval, sections were
336  subjected to heat-induced epitope retrieval pre-treatment at 120 °C using citrate-based antigen
337  unmasking solution (Vector Laboratories, Burlingame, CA, USA), tris-based antigen unmasking
338  solution (Vector Laboratories), or universal antigen retrieval reagent (R&D System). Specific
339  information on antibodies is described in Data file S7.

340

341  X-gal staining

342  Lung tissues were perfused with cold phosphate-buffered saline (PBS, pH 7.4) into the right
343  ventricle, incubated with a mixture of 30% sucrose and 10% optimal cutting temperature (OCT)
344  compound in PBS for 30min at 4 °C, embedded in OCT compound, and sectioned at 10-pum
345  thickness. Frozen lung sections were fixed with 0.2% glutaraldehyde for 10 mins and washed in
346  wash buffer (0.02% IGEPAL CA-630, 0.01% sodium deoxycholate, 2mM MgCl,, 0.1M phosphate
347  buffer pH 7.5) for 10 mins twice. And then slides were incubated with X-gal staining solution (1
348  mg/ml X-gal, SmM potassium ferricyanide, SmM potassium ferrocyanide in wash buffer) for 16
349  hours in 37 °C. X-gal-stained slides were post-fixed with 4% PFA for 10 min and washed with
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350  PBS for 5 mins 3 times. For counterstaining, slides were incubated with nuclear fast red solution
351  (Vector Laboratories, Burlingame, CA, USA) for 2 mins.

352

353  Lung cell isolation

354  Lungs were harvested from euthanized mice after perfusing 10 ml of cold PBS into the right
355  wventricle. Lungs were minced after the removal of extra-pulmonary tissues and digested in
356  Leibovitz media (Gibco, USA, no. 21083-027) with 2 mg/ml collagenase type I (Worthington,
357  CLS-1, LS004197), 2 mg/ml elastase (Worthington, ESL, 1.S002294), and 0.4 mg/ml DNase I
358  (Sigma, DN-25) for 45 min at 37 °C. To stop the digestion, fetal bovine serum (FBS, HyClone;
359  Cytiva) was added to a final concentration of 20%. The digested tissues were sequentially filtered
360  through a 70-um and a 40-pm cell strainer (Falcon, 352350 and 352340, respectively). The samples
361  were incubated with 1 ml of red blood cell lysis buffer (15 mM NH4Cl, 12 mM NaHCO3, 0.1 mM
362 EDTA, pH 8.0) for 2 min on ice. Leibovitz with 10% FBS and 1 mM EDTA was used for
363  resuspension and washing for magnetic-activated cell sorting (MACS) or fluorescence-activated
364  cell sorting.

365 For lung epithelial cell isolation, cells were resuspended in 400 pl of buffer with 30 ul of
366 CD31 MicroBeads (130-097-418; Miltenyi Biotec, Bergisch Gladbach, Germany), 30 ul of CD45
367  MicroBeads (130-052-301; Miltenyi Biotec), and 30 ul of anti-Ter-119 MicroBeads (130-049-901;
368  Miltenyi Biotec) and incubated for 30 min at 4 °C, followed by negative selection according to the
369 manufacturer’s instructions. Cells were then resuspended with 400 ul of buffer with 30 pul of
370  CD326 (EpCAM) MicroBeads (130-105-958; Miltenyi Biotec) and incubated for 30 min at 4 °C,
371  followed by positive selection according to the manufacturer’s instructions. Isolated lung epithelial
372 cells were used for the lung organoid culture. In single-cell RNA sequencing (scRNA-seq),
373  digested lung cells were resuspended in 400 pl of buffer with 5 pl of anti-CD31-FITC (BD
374  Biosciences, CA, USA), 5 ul of anti-CD45-APC (BD Biosciences), and 5 pul of anti-CD326
375 (EpCAM)-PE-Cy7 (BD Biosciences) and incubated for 30 min at 4 °C. Cells were then washed
376  twice, followed by sorting of the epithelial cells by fluorescence-activated cell sorting.

377 For lung endothelial cell (LuEC) isolation, cells were resuspended in 400 pl of buffer with
378 30 ul of CD31 MicroBeads and incubated for 30 min at 4 °C, followed by positive selection
379  according to the manufacturer’s instructions. Isolated LuECs were cultured with EC growth media
380 (DMEM; Corning; 10-013-CV, 20% FBS, 1x glu-pen-strep; Gibco, USA; 10378016, 100 pg/ml
381  endothelial cell growth factor (ECGS); Sigma; E2759, 100 png/ml heparin; Sigma; H3149, 25 mM
382  HEPES) on 0.1% gelatin (Sigma, G1393)-coated plates. Cultured LuECs were then isolated with
383  CD31 MicroBeads and expanded until passage 3. Expanded LuECs were cryopreserved for lung
384  organoid culture.

385

386  Lung organoid culture

387  Lung epithelial cells (Ter119/Cd31/Cd45/Epcam®) isolated from 7-10-week-old Pclaf WT or
388  Pclaf KO mice at 7 dpi of bleomycin were cultured with lung stromal cells in a 3D organoid air-
389  liquid interface, as described previously(26-28). In brief, freshly sorted lung epithelial cells were
390 resuspended in 3D organoid media Dulbecco’s modified Eagle’s medium (DMEM)/F12 (Gibco,
391 USA), 10% fetal bovine serum (FBS; HyClone, USA), 1x penicillin-streptomycin-glutamine
392 (Gibco, USA), and 1X insulin-transferrin-selenium (Sigma)) and mixed with LuECs at a ratio of
393  1:1.Cells containing 3D media were mixed with growth factor-reduced Matrigel (BD Biosciences)
394  ataratio of 1:1. The 100 ul of mixtures containing lung epithelial cells (5 x 10%) and LuECs (5 x
395  10*) were placed in the transwell insert (0.4-um pore, Corning, Lowell, MA). After incubation for
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396 30 mins at 37°C in an incubator, 500 pl of 3D media were placed in the bottom chamber to generate
397  the liquid-air interface. Media were exchanged every other day, with or without harmine (200 nM;
398  Abcam), phenelzine (10 uM; Cayman, MI, USA), or TGF-B1 (2 ng/ml; R&D System). For viral
399  transduction, freshly isolated lung epithelial cells were resuspended in 500 pl of 3D media
400  containing lentivirus (2.5 x 107 TU/ml) and polybrene (7 pg/ml) and centrifuged for 1 hr at 600 g
401  at 32°C. Cells were incubated at 37°C in an incubator for 7 hours, followed by organoid culture.
402

403  Gene construct

404  pLenti-CMV-MSC-RFP-SV-Puro vector was purchased from Addgene (#109377) and used as a
405  control vector or backbone for further cloning. For constructing the pLenti-3HA-Clic4-T2A-GFP
406  plasmid, we prepared a pLenti vector backbone using restriction enzymes, Xbal (NEB, USA) and
407  BamHI (NEB, USA). Three DNA fragments of Kozak-3HA, Clic4, and T2A-GFP were amplified
408  with Phusion High-Fidelity DNA Polymerase (NEB, USA) using pLJC5-Tmem192-3HA
409  (Addgene, #102930) for Kozak-3HA, pAltermax-3HA-Clic4(39) for Clic4, and pLenti-CMV-
410  mCherry-T2A-GFP for T2A-GFP. We assembled the pLenti-3HA-Clic4-T2A-GFP vector with
411  pLenti backbone and fragments using NEBuilder HiFi DNA Assembly Master Mix (NEB, USA)
412  according to the manufacturer’s instructions. Primer information is described in Supplementary
413  Table 7. We used pLenti-3FLAG -Lin52 (WT or S28A), as previously generated (/9).

414

415  Lentivirus preparation

416  Lentiviruses were produced using 2"%-generation packaging vectors in 293T cells. 293T cells were
417  cultured until 70%-80% confluent, and the media were replaced with antibiotics-free DMEM (10%
418  FBS). After 1 hr of media exchange, cells were transfected with vector mixtures in Opti-MEM
419  (Gibco, USA). To generate a vector mixture, pMD2.G (1.3 pmol), psPAX2 (0.72 pmol), DNA
420  (1.64 pmol), and polyethyleneimine (PEI, 39 pg) were added to 800 ul of Opti-MEM and
421  incubated for 15 mins. After 12 hrs of transfection, the media were exchanged with complete media
422 (DMEM, 10% FBS, and 1X penicillin-streptomycin). The virus supernatant was collected after 24
423 hrs and 48 hrs and filtered with a 0.45-um syringe filter (Thermo Fisher, CA, USA); polyethylene
424  glycol (PEG) solution (40% PEG-8000 [Thermo Fisher, CA, USA], and 1.2 M NaCl in pH 7.4
425  PBS) were added in a 3:1 ratio. After overnight incubation of the virus-PEG mixture at 4°C, the
426  virus pellet was generated by centrifugation at 1600X g and 4 °C for 1 hr. The pellet was
427  reconstituted in 1 ml of 3D media and incubated for 15 mins at 4 °C. Reconstituted virus was
428  centrifuged at 20,000X g and 4 °C for 3 mins to remove protein debris. The collected virus was
429  stored in a -80 °C freezer. pLenti-RFP, pLenti-3FLAG-Lin52WT, pLenti-3FLAG -Lin52S28A,
430  and pLenti-3HA-Clic4-T2A-GFP vectors were used for lentivirus generation. For virus titration,
431 5% 10°293T cells were seeded into 48-well plates (Thermo Fisher, CA, USA). After 24 hrs, cells
432  were infected by the serially diluted virus with 10 pg/ml polybrene. After 48 hrs of transfection,
433  wvirus transduction units per ml (TU/ml) were measured by fluorescence microscopy.

434

435  Single-cell gene expression library

436  Freshly isolated lung epithelial cells from Pclaf WT and Pclaf KO mice at 7 dpi of bleomycin
437  instillation were used to prepare the single-cell RNA library. To generate single-cell gene
438  expression libraries, 1.6 x 10* cells per group of single cells were subjected to the Chromium
439  Single Cell Gene Expression 3v3.1 kit (10X genomics) at the Single Cell Genomics Core at Baylor
440  College of Medicine. In brief, reverse transcription (RT) reagents, gel beads containing barcoded
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441  oligonucleotides, and oil were loaded on a chromium controller (x10 Genomics) to generate
442  single-cell gel beads-in-emulsions (GEMs) in which full-length cDNA was synthesized and
443  barcoded for each single-cell. Subsequently, the GEMs were broken, and cDNA from every single
444  cell was pooled. Following clean-up using Dynabeads MyOne Silane Beads, cDNA was amplified
445 by PCR. The amplified product is fragmented to an optimal size before end-repair, A-tailing, and
446  adaptor ligation. The final library was generated by amplification.

447

448  Single-cell RNA sequencing

449  Libraries were run on Novaseq for Illumina PE150 sequencing with 20,000 reads per cell. Post-
450  processing and quality control were performed by Novogene using the 10x Cell Ranger package
451  (v. 3.1.0, 10X Genomics). Reads were aligned to the GRCm38 reference assembly using STAR
452  aligner (59) (v. 2.7.10a).

453

454  Single-cell RNA preprocessing and quality control

455  The Cell Ranger output was used as the input to Seurat v. 4.1.0 for further analysis of the scRNA-
456  seq samples. For each sample, poor-quality cells were filtered based on the number of features
457  (min.features = 200, min.cells = 3), number of RNAs detected (> 200 and < 5000), and percentage
458  of reads arising from the mitochondrial genome (< 20%). We combined Pclaf WT and Pclaf KO
459  samples using the merge function of Seurat. Clustering using default parameters and uniform
460  manifold approximation and projection (UMAP) non-linear dimensionality reduction were
461  performed using Seurat v. 4.1.0, and we referred to the result as our integrated clusters. The marker
462  genes of each cluster (differentially expressed genes [DEGs] in each cluster compared with all
463  other clusters) and differentially expressed genes between samples were identified with Seurat
464  using the “FindAllMarkers” function with the parameters logfc.threshold = 0.25 and min.pct =
465  0.25. For the lung epithelial cell analysis, we downsized the Pclaf KO sample by one-sixth (from
466 10,807 cells to 1,797 cells).

467

468  Gene set enrichment analysis

469  The DEGs between Pclaf WT vs. Pclaf KO in the PPC clusters were identified by the Wilcoxon
470  sum test and AUROC statistics using the Presto package v. 1.0.0. They were then subjected to a
471  gene set enrichment analysis (GSEA) using the fgsea package v. 1.16.0. The curated gene sets (C2)
472  inthe Molecular Signature Database (MsigDB) v. 7.5.1 were used for the GSEA using the msigdbr
473  package.

474

475  Pseudotime trajectory analysis

476  Velocyto.py was used to estimate the RNA velocities of single cells by distinguishing between
477  unspliced and spliced mRNAs in the standard single-cell RNA-sequencing data (60). The BAM
478  files, output from Cell Ranger, were subjected to generate loom files containing three categories:
479  “spliced”, “unspliced”, and “ambiguous”. The loom files were applied to calculate the dynamic
480  velocity graph using scVelo v. 0.2.4 (61).

481

482  Developmental state analysis

483  CytoTRACE v. 0.3.3 was used to predict the relative differentiation state of a single cell (62). The
484  cells were given a CytoTRACE score according to their differentiation potential, with a higher
485  score indicating higher stemness/fewer differential characteristics.

486
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487  Gene regulatory network analysis

488  For regulon identification, a gene regulatory network analysis was performed using the python
489  version of the SCENIC (pySCENIC) method (v. 0.11.2)). pySCENIC integrates a random forest
490  classifier (GENIE3) (v. 1.0.0) to identify potential TF targets based on their co-expression with
491  RcisTarget (v. 0.99.0) for cis-regulatory motif enrichment analysis in the promoter of target genes
492 (£500 bp of the transcription start site) and identify the regulon, which consists of a TF and its co-
493  expressed target genes. The Mus musculus 10 (mm10) motif database provided by the pySCENIC
494  authors was used. Finally, for each regulon, pySCENIC uses the AUCell (v. 0.99.5) algorithm to
495  score the regulon activity in each cell (Z score, a standardized AUCell score, was used). All
496  parameters used for running were specified in the original pySCENIC pipeline. The ranking
497  databases used were mm10-refseq-r80-10 kb-up-and-down-tss.mc9nr.feather mm10-refseq-r80-
498  500bp-up-and-100bp-down-tss.mc9nr.feather, which were downloaded from
499  https://resources.aertslab.org/cistarget/. The motif database was downloaded from
500  https://resources.aertslab.org/cistarget/motif2tf/.

501

502  Public scRNA-seq data analysis

503 A public scRNA-seq data set (GSE141259)(30), generated by subjecting sorted cells from the
504  mouse lung epithelial compartment at 18 different time points after bleomycin instillation, was
505 analyzed according to the code provided in the original study. A public scRNA-seq data set
506 (GSE135893)(52) was generated from the cells of 20 pulmonary fibrosis and 10 control human
507  lungs and analyzed according to the code provided in the original study.

508

509  Gene expression analysis by qRT-PCR

510 RNAs were extracted by TRIzol (Invitrogen) and used to synthesize cDNAs using the iScript
511  cDNA synthesis kit (Biorad). qRT-PCR was performed using an Applied Biosystems 7500 Real-
512 Time PCR machine with the primers listed in Supplementary Table 7. Target gene expression was
513  normalized to that of mouse Hprtl. Comparative 2 2t methods were used to quantify qRT-PCR
514 results.
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Fig. 1. Pclaf* cells are elevated during lung regeneration.
(A to C) A public scRNA-seq data set (GSE141259) was generated by subjecting sorted cells from the mouse
lung epithelial compartment at 18 different time points after bleomycin instillation. (A) Uniform manifold
approximation and projection (UMAP)-embedding displays cells colored by cell type identity. (B) Feature plot
of Pclaf expression. (C) Dot plots showing Pclaf, Mki67, and Top2a gene expression in each cell type. (D to F)
A public scRNA-seq data set (GSE135893) was generated from the human lung cells of 20 pulmonary fibrotic
diseases and 10 control lungs. (D) UMAP embedding displays cells colored by cell type identity. (E) Feature plot
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of expression of PCLAF. (F) Dot plots for PCLAF, MKI67, and TOP2A4 gene expression in each cell type. (G)
Feature plots of Pclaf expression in mouse lung at the indicated time points using data shown in Fig 1A. (H and
I) Mouse lungs (n = 3) were collected after bleomycin (1.4 U/kg) had been added to the trachea at the indicated
time points. (H) RT-qPCR analysis of the Pclaf mRNA level. Hprt was used as an internal control. (I)
Quantification of Pclaf* cells by immunostaining. (J) Scheme of establishing Pclaf-lacZ knock-in mice. The neo
cassette was deleted by breeding Pclaf-lacZ-neo with Rosa26-Cre driver. (K) Representative images of X-gal
staining. Pclaf-lacZ mice were instilled with bleomycin (1.4 U/kg) or PBS (0 dpi). After 7 dpi, lungs were
collected and stained for X-gal (5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside; blue) and nuclear fast red
(pink). (L) Quantification of lacZ* cells. Two-tailed Student’s ¢-test; error bars: standard deviation (SD). The
represented data are shown (n>=3).
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Fig. 2. Pclaf KO impairs lung regeneration.
(A) Experimental scheme for the bleomycin-induced lung injury model. Pclaf WT and KO mice were treated
with phosphate-buffered saline (PBS) (n =5 for Pclaf WT, n = 5 for Pclaf KO) or bleomycin (1.4 U/kg; n =25
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for Pclaf WT, n = 24 for Pclaf KO) by intratracheal instillation. The blood oxygen level (SpO.) and breath rate
were measured by pulse-oximetry at the indicated time points. At 3 days after injury (dpi, n = 7 for each group
with bleomycin), 7 dpi (n = 8 for each group with bleomycin), and 21 dpi (n = 10 for Pclaf WT, n = 8 for Pclaf
KO with bleomycin, n =5 for each group with PBS (0 dpi)), the lungs were collected for further analysis. (B) The
dynamics of SpO: levels (/eft panel) and breath rate per minute (right panel) were measured at the indicated time
points. (C and D) Representative images (C) and quantification graph (D) of immunostaining for Rage (red; AT1)
and Spc (green; AT2) at the indicated time points. (E) Representative images of hematoxylin and eosin (H&E)
staining at 21 dpi. (F) Representative images of picrosirius staining (collagen fiber) at 21 dpi. (G) Representative
images of immune-staining for alpha-smooth muscle actin (aSMA/Acta2; smooth muscle cell) at 21 dpi. (H)
Quantification graphs of the picrosirius™ area (upper panel) and aSMA™ area (bottom panel). (I to K) The lung
epithelial cells were isolated from bleomycin-treated lungs of Pclaf WT or Pclaf KO mice at 7 dpi by magnetic-
activated cell sorting (MACS). The lung epithelial cells (Ter119/Cd317/Cd45/Epcam®’) were cultured with lung
endothelial cells (Cd317) at a liquid-air interface to generate LOs. (I) Scheme of LO culture. (J) Images of alveolar
type organoids fluorescently immunostained for Hopx (red; AT1) and Spc (green; AT2). (K) Quantification graph
of Hopx™ and Spc* cells. Two-tailed Student’s ¢-test; error bars: SD. The represented images are shown (n>=3).
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Fig. 3. Pclaf KO suppresses AT2 cell lineage plasticity.

(A) Integrated UMAP displaying each cell cluster of pulmonary epithelial cells isolated from Pclaf WT and KO
mice. (B) UMAPs (split by Pclaf WT and KO) displaying each cell cluster, colored by cell types. (C) Cell
proportion analysis of Pclaf WT vs. KO by cell type. (D to F) RNA velocity analyses (D), latent pseudotime
analysis (E), and PAGA analysis (F) of Pclaf WT (upper panels) or KO (bottom panels) based on scRNA-seq are
depicted. (G) Boxplots of predicted cluster-differentiation based on the CytoTRACE analysis. (H) Illustration of
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Fig. 4. PCLAF-DREAM axis mediates AT2 cell lineage plasticity for lung regeneration.

(A) Dot plots depicting transcriptional module scores of the gene sets of DREAM-target genes with the mouse
scRNA-seq dataset shown in Fig. 1A. (B) Dot plots depicting transcriptional module scores of the gene sets of
DREAM-target genes with the human scRNA-seq data set shown in Fig. 1D. (C) Gene set enrichment analysis
(GSEA) of Pclaf WT vs. Pclaf KO in the PPC cluster using the data set shown in Fig. 3. The enrichment plot
presents the gene sets of DREAM-target genes. (D) Dot plots depicting transcriptional module scores of the
DREAM-target gene set using the data set shown in Figure 2. (E) Experimental scheme for LO culture under
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stimuli of harmine (200 nM). Harmine was used to treat LOs for the first 7 days and withdrawn (WD).
Alternatively, LOs were cultured with harmine intermittently (INT) at the indicated time points. (F) The
representative bright-field z-stack images of LOs on day 12. (G) Quantification graph of lung OFE. (H)
Representative images of IF staining for Hopx (AT1; red) and Spc (AT2; green) on day 14. (I) Quantification
graph of Hopx* and Spc* cells. (J to L) Isolated lung epithelial cells were transduced with RFP, Lin52 WT, or
Lin52 S28A by lentivirus and then cultured with LO. (J) Representative images of IF staining for Hopx (ATl1;
red) and Spc (AT2; green) on day 14. (K) Quantification graph of Hopx™ and Spc”* cells. (L) Quantification graph
of lung OFE. Two-tailed Student’s t-test; error bars: SD. The represented images and data are shown (n>=3).
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Fig. 5. PCLAF-DREAM-mediated CLIC4-TGF- signaling axis is required for AT1 cell differentiation.

(A) Representative images of Pclaf WT and Pclaf KO lung at 7 dpi, chemically immunostained for Clic4. (B)
Quantification graph of nucleus Clic4" cells. (C) Dot plots depicting transcriptional module scores of SMAD3
gene sets from A549, mouse embryonic stem cells (mES), and human embryonic stem cells (hES) using the

8


https://doi.org/10.1101/2022.10.11.511761
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.11.511761; this version posted October 11, 2022. 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.

scRNA-seq dataset shown in Fig. 3. (D) GSEA of Pclaf WT vs. Pclaf KO in the PPC cluster using the data set
shown in Fig. 3. The enrichment plot presents the gene sets of SMAD2 or SMAD3 target genes. (E) Z-score of
Smad3 regulon activity by cell type and genome, analyzed by pySCENIC using the data set shown in Fig. 3. (F)
Representative images of Pclaf WT and Pclaf KO lung at 7 dpi, chemically immunostained for p-Smad3. (G)
Quantification graph of p-Smad3* cells. (H to J) Isolated lung epithelial cells were transduced with RFP- or
CLIC4-expressing lentiviruses and cultured with LO. (H) Representative images of IF staining for Hopx (AT1;
red) and Spc (AT2; green) on day 14. (I and J) Quantification of Hopx™ (I) and Spc™ cells (J). (K to N) Pclaf WT,
or KO lung epithelial cells-derived LOs were cultured with TGF-B1 (2 ng/ml) for 2 days (TGFB1 [2D]) or 4 days
(TGFB1 [4D]). (K) Experimental scheme for TGF-B1 treatment. 1, Representative images of IF staining for Hopx
(ATI; red) and Spc (AT2; green) on day 14. (M to N) Quantification of Hopx™ (M) and Spc* cells (N). (O) UMAP
plots displaying each cell cluster from the scCRNA-seq datasets of normal human lung and fibrotic diseases shown
in Fig. 1D. (IPF; idiopathic pulmonary fibrosis, cHP; chronic hypersensitivity pneumonitis, NSIP; nonspecific
interstitial pneumonia, ILD; interstitial lung disease). (P) Violin plots showing the expression of module scores
of DREAM-target genes, CLIC4 expression, and hES-SMAD?3-target genes in the PPC clusters from the human
scRNA-seq data set. Two-tailed Student’s #-test; error bars: SD. The represented images are shown (n>=3).
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Fig. 6. Pharmacological mimicking of PCLAF-DREAM-activated transcriptional signature restores lung

regeneration.

(A) Experimental scheme to identify drug candidates by the CLUE platform. (B) Venn diagram of Connectivity
Map results, identifying drug candidates specific to normal lung PPCs. (C) Representative images of LOs with
phenelzine (10 uM) that fluorescently immunostained for Hopx (AT1; red; upper panels), Spc (AT2; green; upper
panels), Scgblal (Club; red; bottom panels), and Ac-Tub (Ciliated; green; bottom panels). (D) Quantification
graph of Hopx™ (upper panel), Spc* (upper panel), Scgblal™ (bottom panel), and Ac-Tub* (bottom panel) cells.
(E) Experimental scheme for bleomycin-induced lung regeneration by phenelzine. Mice were treated with
bleomycin (2.8 U/kg) by intratracheal instillation. The vehicle control (DMSO, n = 10) or phenelzine (n = 10;
750 pg/head) were administered by intraperitoneal injection at -1, 1, and 3 dpi. The blood oxygen level (SpO»)
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and breath rate were measured by pulse oximetry every other day. At 13 dpi (n = 4 for each group) and 25 dpi (n
= 6 for each group), lungs were collected for further analysis. (F) The dynamics of spO- levels were measured at
the indicated time points. Two-way ANOVA with post-hoc Tukey test. (G) Representative images of the lungs
at 13 dpi, fluorescently immunostained for Rage (AT1; red) and Spc (AT2; green). (H) Quantification graph of
Rage* or Spc* cells. (I) Representative images of picrosirius staining at 25 dpi. (J) Quantification graphs of the
picrosirius” area. Two-tailed Student’s #-test except for Figure 5f; error bars: SD. The representative images are

shown (n>=3).
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Fig. S1. The cell type annotation of human and mouse lung single-cell transcriptomics.
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(A) Heatmap of gene expression of the top 10 genes in each cell type of mouse lung using data shown in Fig. 1A.
(B) Heatmap of gene expression of the top 10 genes in each cell type of human lung using data shown in Fig. 1D.
(C) Dot plots for mouse lung epithelial marker gene expression in each cell type. (D) Feature plots of mouse lung
epithelial marker gene expression. (E) Dot plots for human lung epithelial marker gene expression in each cell
type. (F) Feature plots of human lung epithelial marker gene expression.
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Fig. S2. Pclaf KO inhibits AT1 regeneration and promotes AT2 repopulation.
Pie plots of Rage™ (AT1) and Spc™ (AT2) cells using data shown in Fig. 1C.
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Fig. S3. Comparison of LO culture systems.

(A) Scheme of LO culture. The lung epithelial cells were isolated from WT mice by MACS and cultured with
LuECs or LuMSCs at a liquid-air interface to grow LOs. (B and C) Representative images of organoids for
hematoxylin and eosin (H&E), alcian blue (AB), and periodic acid-Schiff (PAS) staining (upper panels), and
immunostained for Hopx (AT1), Spc (AT2), Ac-Tub (Ciliated), and Scgblal (Club; bottom panels) of organoids

with LuECs (B) and with LuMSCs (C). (D) Table of positive cells using data shown in Fig S3B and C. The
represented images are shown (n>=3).


https://doi.org/10.1101/2022.10.11.511761
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.11.511761; this version posted October 11, 2022. 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.

Fig. S4
A B
Rage Spc DAPI AcTub Scgb1a1DAPI
\/} - qrmsiam‘edy -
I proncnioalveola
E e = = '
E ol A 3 P <0.0001 < = Alveolar
e P8 | 1O g 3 =100 ——
N o e | < <
¥ & . 010{% % L
um ; D >
e ‘; £ - 5 50
£0.5 .+ 2
o oo S
o 0. 2 S o
M4 4
5 o) % B R
g | © N QRNINS
Q » 4 o\é c}& C}Q;\ (}'b (}fb
500 um 2 Q Q Q Q Q

Fig. S4. Pclaf KO inhibits alveolar-type lung organoid formation.

(A to D), The lung epithelial cells were isolated from bleomycin-treated lungs of Pclaf WT or Pclaf KO mice at
7 dpi (bleomycin administration) by magnetic-activated cell sorting (MACS). The lung epithelial cells (Ter119
/Cd31-/Cd45/Epcam™) were cultured with lung endothelial cells (Cd317") at a liquid-air interface to generate LOs.
(A) Bright-field z-stack images of LOs at day 12. (B) Quantification graph of lung OFE. (C) Representative
images of LOs that were fluorescently immunostained for Rage (AT1; red; left panels), Spc (AT2; green; left
panels), acetyl-Tubulin (Ciliated; AcTub; green; right panels), and Scgblal (Club; red; right panels). (D)

Quantification graph of organoid type. Two-tailed Student’s #-test; error bars: SD. The represented images and
data are shown (n>=3).
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Fig. SS. Scheme of single-cell transcriptomics of Pclaf WT and KO mouse lung tissues.
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(A) Scheme of scRNA-seq. Lung epithelial cells were isolated from Pclaf WT and KO mice (treated with
bleomycin) by fluorescence-activated cell sorting (FACS). CD317/CD45/Epcam” cells were used to generate
sequencing data using the 10X genomics single-cell sequencing service. (B) Heatmap of gene expression-based
cell clusters of the top 10 genes in each cell type of mouse lung using data shown in Fig. 3B.
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Fig. S6. Cell type annotation of mouse lung single-cell transcriptomics.
Analysis of the scRNA-seq dataset is shown in Fig. 3B. (A) UMAP displays each cell cluster, colored by cell
type. (B) Dot plots for mouse lung epithelial marker gene expression quantification of each cell type. (C) Feature
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plots of mouse lung epithelial marker gene expression. (D) Dot plots for genes specifically expressed in
AT2(Lcnhe") and AT2(SIc34aMeh). (E) Feature plots displaying the expression of Len2 and Slc34a?.
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Fig. S7. Pclaf KO downregulates DREAM-target gene expression in PPC.
(A) Venn diagram analysis of DREAM target genes vs. genes specifically expressed in the PPC clusters (mouse
scRNA-seq dataset shown in Fig. 1A or the human scRNA-seq dataset shown in Fig. 1D). (B) Top 20 gene sets
(upper panel) and bottom 20 gene sets (bottom panel) of GSEA with 12,176 DEGs between Pclaf WT PPCs and
Pclaf KO PPCs.
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Fig. S8. Transduction efficiency of lentiviruses encoding Lin52-WT or Lin52 S28A in LOs.
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Isolated lung epithelial cells were transduced with RFP, Lin52 WT, or Lin52 S28A by lentivirus and then cultured
with LO. (A) Representative images chemically immunostained for FLAG. (B) Representative images of IF
staining for Hopx (ATI; red) and Spc (AT2; green) on day 14. The circles (in red-green mixed) indicate the
relative ratio of Hopx™ to Spc* cells in LOs. (C) Quantification of FLAG" LOs. The represented images and data
are shown (n>=3); error bars: SD.
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Fig. S9. Impact of Pclaf KO on Wnt signaling, Sox9, and Myc transcriptional signatures.
(A to C) Dot plots displaying each gene expression from the scRNA-seq dataset shown in Fig. 3. (A) Dot plots
showing the expression of Wnt signaling target genes in each cell type. (B) Dot plots depicting transcriptional
module scores of the Sox9-based progenitor cell signature gene set. (C) Dot plots showing the expression of Myc
and Max and transcriptional module scores of the Myc-target gene set. Of note, Pclaf KO barely alters Wnt
signaling and Sox9-based progenitor transcriptional signature.
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Fig. S10. Pharmacological or genetic activation of the DREAM axis rescues Pclaf KO-inhibited TGF-

signaling.

(A) Dot plots displaying the top 40 differently expressed DREAM target genes in each cell type. (B to E) LOs
treated with harmine (shown in Fig. 3E) were immunostained with indicated antibodies. (B) Representative
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images of IF staining for Clic4 (red). (C) Quantification of the Clic4™ cells. (D) Representative images of IF
staining for p-Smad3 (red) and Mki67 (green) on day 14. (E) Quantification of LOs containing p-Smad3 and
Mki67 double-positive cells. (F to J) Isolated lung epithelial cells were transduced with RFP- or CLIC4-
expressing lentiviruses and cultured with LO. (F) Representative images of Pclaf WT and Pclaf KO LOs at day
14, chemically immunostained for p-Smad3. (G) Quantification graph of p-Smad3™ cells. (H) Images of IF
staining for Hopx (AT1; red) and Spc (AT2; green) on day 14. The circle color indicates the relative ratio of
Hopx™ to Spc™ cells. Two-tailed Student’s #-test; error bars: SD. The representative images are shown (n>=3).
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Fig. S11. TGF-p rescues Pclaf KO-impaired cell plasticity.

(A to D) Murine lung epithelial cells were cultured for LOs under stimuli of TGF-B1 (2 ng/ml). TGF-B1 was
used to treat LOs for the first 6 days and withdrawn (WD). Alternatively, LOs were cultured with TGF-1
intermittently (INT) at the indicated time points. (A) Experimental scheme for LO culture. (B) Representative
images of IF staining for Hopx (AT1; red) and Spc (AT2; green) on day 14. (C and D) Quantification of Hopx™*
(C) and Spc” cells (D). Two-tailed Student’s #-test; error bars: SD. The representative images are shown (n>=3).
TGF-B1 (INT) rescued Pclaf KO-impaired alveolar cell plasticity (AT1 cell generation from AT2 cells). In
contrast, TGF-B1 (WD) inhibited AT1 cell generation regardless of Pclaf WT and Pclaf KO. These data suggest
that the temporal activity of TGF-f signaling is pivotal for AT2-to-AT1 cell transition.
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Fig. S12. Elevated TGF-p signaling in inflamed lesions by Pclaf KO.
(A) Images of immunostaining for p-Smad3 of the inflamed lesion from Pclaf WT and Pclaf KO lung tissues at

7 dpi. (B) Quantification graph of p-Smad3™ cells. Two-tailed Student’s z-test; error bars: SD. The representative
images are shown (n>=3).
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Fig. S13. Elevated TGF-p signaling in lung fibroblasts of IPF patients.

(A) UMAP showing the Mesenchymal compartment (EPCAM ", PTPRC", and PECAM" cells) from the human
scRNA-seq dataset (GSE135893; normal, IPF, cHP, NSIP, ILD, and Sarcoidosis). (B) Feature plots of indicated
marker genes. ACTA2 and MYH11 for smooth muscle cells; MSLN and UPK3B for mesothelial cells; FNI and
COL1A]1 for fibroblasts. (C) UMAP embedding displays cells colored by cell types split by each disease type. (D)
Dot plots showing the expression of indicated genes and module scores of SMAD3-target gene sets in human
lung fibroblasts.
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Fig. S14. Phenelzine promotes LO formation.

(A) Images of LOs with phenelzine (10 uM) at 12 days of indicated passage. (B) Quantification graph of lung
OFE at 12 days of passage. Two-tailed Student’s #-test; error bars: SD. The representative images are shown
(n>=3).
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