Regulation of Tracheal Stem Cell Injury Repair and the Lung Cancer M icroenvironment
by UHRF1
by
Handan Xiang
Department of Pharmacology and Cancer Biology

Duke University

Date:

Approved:

Xiao-Fan Wang, Supervisor

Christopher Counter

Don Fox

Qi-Jing Li

Brigid Hogan

Dissertation submitted in partial fulfillment of
the requirements for the degree of Doctor
of Philosophy in the Department of
Pharmacology and Cancer Biology in the Graduate School
of Duke University

2017



ABSTRACT
Regulation of Tracheal Sem Cell Injury Repair and the Lung C ancer Microenvironment
by UHRF1
by
Handan Xiang
Department of Pharmacology and Cancer Biology

Duke University

Date:

Approved:

Xiao-Fan Wang, Supervisor

Christopher Counter

Don Fox

Qi-Jing Li

Brigid Hogan

An abstract of a dissertation submitted in partial
fulfillment of the requirements for the degree
of Doctor of Philosophy in the Department of
Pharmacology and Cancer Biology in the Graduate School of
Duke University

2017



Copyright by
Handan Xiang
2017



Abstract

Epigenetic regulators play pivotal roles in many fundamental biological
processes, including cel proliferation, cell death, and cell fate specification. As
epigenetic abnormalities are frequently associatedwith human diseases, it is of great
importance to understand the key genes involved in disease etiology. Ubiquitin Like
with PHD and Ring Finge r Domains 1 (UHRF1) is a multi-domain epigenetic regulator.
By working coordinately with DNA  methyltransferase 1 (DNMT1), UHRF1 plays a
crucial role in maintaining epigenome integrity, especially in heterochromatin regions
and retrotransposon elements. Knockout of Uhrfl in mice is embryonic lethal and thus
conditional Uhrfl knockout mice have been usedto delineate the role of UHRFL1 in
diverse biological contexts. These studieshave revealedthe essential functions for
UHRF1 in regulating the proliferation, survival , and differentiation of colonic regulatory
T cells, invariant natural killer T (iNKT) cells , neural stem cells and hematopoietic stem
cells. However, the function of UHRF1 in regulating self-renewal and differentiation in
epithelial stem and progenitor cells has not been investigated Additionally, although
UHRFL1 expressionis upregulated in several types of cancer, most studieshave focused
on how UHRF1 affects cancer celtautonomous processesinstead of how this molecule

impacts the tumor micro environment in vivo.



The airway is lined by a pseudostratified mucociliary epithelium , which is
composed of multiple cell types. Airway basal cells function as stem cells to replenish
the mucociliary epithelium in response to airway injury. By analyzing a published
dataset, we found that Uhrfl was among the genes most highly upregulated in response
to sulfur dioxide -induced airway injury . However, the functional significance of UHRF1
induction for the airway repair process hasnot beenexplored. Here we show that
UHRF1 expressionwas mainly restricted to proliferating basal and progenitor cells
during the regeneration of the mucociliary epithelium in vivo. In three-dimensional
organoid culture , we also found that UHRF1 was expressed in proliferating human
bronchial epithelial (HBE) cells. Reduction of UHRF1 expression by shRNAs in HBE
cells reduced cell proliferation , an effect thatis partially mediated by the cyclin
dependent kinase inhibitor p15. To further evaluate the function of UHRF1 in basal cells
in vivo, we generateda basal cellspecific Uhrf1-knockout mouse model and found that
Uhrfl-null basal cells did not proliferate after airway injury. This proliferation defect and
the G1 cell cycle arrestwere linked to an inability of cellsto enter S phaseand form
DNA replication complex, as evident by loss of PCNA puncta. Perturbation of DNA
methylation is unlikely to contribute to the proliferation defect , since Uhrf1-null basal
cells halt cell cycle progressionand thus cannot passively loss genome methylation
without DNA replication . Our results implicate a new paradigm for UHRFL1 in

regulating adult epithelial stem and progenitor cells.



We next sought to explore the function of UHRF1 in cancer development.
Consistent with prior reports, we found that in non-small cell lung cancer (NSCLC)
patients, the mRNA level of UHRF1 was markedly upregulated in tumor regions
compared to adjacent non-tumor lung tissues. Immunostaining analysis showed that
UHRF1 was barely detected in normal lung tissue, whereas its expression was easily
detectedin the papillary adenocarcinoma in a KRAS G12V-driven spontaneous lung
adenocarcinoma mouse model. To investigate the role of UHRFL1 in regulating lung
tumor growth , we conducted experiments using a syngeneic NSCLC mouse model
termed Lewis lung carcinoma (LLC). Knockdown of UHRF1 did not affect cancer cell
growth in vitro. Surprisingly, UHRF1 downregulation in tumor cells strongly
suppresses tumor growth in immune -competent, but not immune -compromised mice.
Higher percentages of tumor -infiltrating CD4+ and CD8+ T cells were observed in
UHRF1 knockdown tumors, and the tumor -infiltrating T cells had enhanced
proliferati ve capacity as well as cytotoxicity. Further experimental results described here
indicate that the loss of UHRF1 exerts anti-tumor immunity potentially mediated by
downregulation of the immune checkpoint protein PD -L1.

Taken together, our work provides new insights into the functionality of UHRF1
in controlling the complex process underlying NSCLC tumor growth and em phasizes
the necessity forimmunocompetent mouse models to study the reciprocal interactions

between tumor cells and the microenvironment.

Vi
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1. Introduction

1.1 An overview of Ubiquitin Like with PHD and RING Finger
Domains 1 (UHRF1)

UHRFL1 (Ubiquitin -like with PHD a nd RING finger domains 1) is a multi-domain
protein that is required for DNA CpG methylation maintenance. UHRFL1 is also known
as ICBP9Q(inverted CCAAT b ox-binding protein of 90 kDa), which was first identified
as a positive regulator of Topoisomerase llat. Two seminal works demonstrated that
UHRFL1 is essentialfor embryonic development by DNA methylation to suppress
transcription of retrotransposon a nd imprinted genes 23. Subsequent biochemical studies
revealed that UHRF1 mediates crosstalk between DNA methylation and histone
methylation, two major suppressive epigenetic markers, to compact and repress
heterochromatin regions4. By using Uhrfl conditional knockout mice, UHRF1 has been
shown to have pleiotropic functions in governing cell proliferation, cell death , and

differentiation in a tissue -specific mannerss.

1.1.1 Molecular architecture of UHRF1

UHRF1 is a multi-domain protein with an N-terminal ubiquitin -like domain
(ULD), a Tudor domain, a Plant Homodomain (PHD), a Set and Ring Associated (SRA)
domain, and a RING domain. UHRF1 can bind to the hemi-methylated DNA generated
during DNA replication through its SRA domain and mediate the loading of DNMT1

onto replicate heterochromatin regions®. The Tudor domain, recognizing H3K9me2/3, is



also required for DNA methylation maintenance . Specifically, hypomethylated DNA
observed in Uhrfl/- embryonic stem cells can be reversed upon ectopic expression of
wild -type UHRF1 protein, but not by a mutant version lacking a functional Tudor
domain 1L The PHD domain can recognize unmodified arginine residue 2 of histone H3
(H3R2) and may suppress euchromatic gene expression2, Previous reports favor the
notion that UHRF1 mainly function sas a negativetranscriptional regulator through
DNA methylation . Nevertheless,it has also beenproposed that the protein promotes
transcription by positively regulating DNA topoisomerase 2-alpha (TOP2A) and
macrophage migration inhibitory factor (MIF) expressiont13 The diverse functions of
UHRF1 may be attributed to its multi -functional domains , which exert various effects in
different cellular cont exts. Therefore, genomewide approaches could be utilized to

comprehensively understand UHRF1 -mediated gene regulation.

1.1.2 The function of UHRF1in T cells

Foundational studies of UHRF1 found that deletion of both Uhrfl allelesis
embryonic lethal in the mouse. Uhrfl/- embryos show developmental arrest shortly after
gastrulation and exhibit early gestational lethality , starting at embryonic day 10.5
(E10.5¥. As such, conditional Uhrfl knockout mice are used to interrogate the function of

UHRF1 in somatic tissuesof the adult.



Dr. Koji Hasez Ureup first generated Uhrf1 conditional knockout mice and
investigated the role of UHRF1 in a cell type-specific manner. His group mainly focused
on colonic Treg cells, which play pivotal roles in suppressing potentially pathologic
inflammatory responses stemming from a tremendous microbial burden in the
intestine45, They inoculated commensal microbiota in germ-free animals and analyzed
IL-2 dependent colonic Treg cell expansion. Interestingly, they found that Uhrflwas
among the top IL-2-regulated genes highly elevated during the e xpansion phase of
colonic Treg cells. Subsequently, they generated a Uhrflfoxflox strain and crossedit with
CD4-Creto specifically delete Uhrfl in T cells. Loss of Uhrfl did not affect the overall
composition of T lymphocytes in 5-week-old mice but considerably retarded the
development of colonic Treg cells. Mechanistically, Uhrfl-deficient Treg cells were
arrested in the G1 phase andhad increased p21 expressiondue to reduction of DNA
methylation in its distal promoter region.

In another independently generated Uhrflfoxflox CD4-Cre mouse model,
researchers found that UHRF1is involved in the development of invariant natural killer
T (iNKT) cells®. Consistent with the aforementioned report, this group failed to observe
significant d efectsin the percentage andthe absolute number of EOOY1 OU BTG E O WE ¢
subsetsin lymphoid tissues. However, the iINKT subsets were significantly reduced .

They found that constitutively active AKT rescued the cell death of Uhrfl knockout



iINKT cells. They concluded that UHRF1 controls the survival of iINKT cells through the
AKT -mTOR pathway. How UHRF1 activated the AKT-mTOR axis was, however,

unclear, and the authors proposed possibilities beyond DNA methylation.

1.1.3 The function of UHRFL1 in neural stem cells

Recently, it was reported that Uhrfl mRNA is dynamically expressedin
embryonic and adult mouse neural stem cells as assessed bygenome-wide expression
analysis of developing and adult forebrain 7. UHRF1 expression was highly correlated
with neurogenesis and reached peak levels at E14 in the developing cerebral cortex. At
this stage, UHRF1 expression was mainly restricted to Pax6* neural stem and progenitor
cells. Its expression was decreased inEomes' transit-amplifying progenitors , but was un-
detectable in differentiating Tujl* neurons. At the postnatal stage, UHRF1 could only be
detected in a few scattered cells that were positive for Ki67, a marker for proliferative
cells.

To investigate the function of U HRF1 in neural stem and progenitor cells, the
researchers crossed theUhrflfoxflox mouse line with Emx1-Cre mouse line to deplete Uhrfl
at E10 inthe dorsal telencephalon. Quite unexpectedly, Uhrfl deletion did not affect
neurogenesis as the size ofthe cerebral cortexwas normal until postnatal day 2 (P2).
Consistent with the normal size of the cerebral cortex, Uhrfl deficiency did not change

the number of neural stem and progenitor cells or the proliferation capacity of th ese



cells. A major phenotype could only be observed at P27when the cerebral cortexsize of
the conditional mutant was significantly smaller than in wild -type mice. This severe
phenotype was attributed to increased cell death rather than enhancedstem cell
differentiation 7. RNA -sequencing analysis revealed that several pathways, including
interferon signaling and unfolded protein response, were activated. The activation of
interferon signaling was linked to the de-repression of retro-transposon elements and
up-regulation of one subclass ofthe intr acisternal A particle (IAP) family (IAPEz)". Loss
of UHRF1 led to hypomethylation in IAPs as well asconcomitant upregulation of the
transcription activation marker 5-hydroxymethylcytosine (5hmcC) in the long terminal
repeatregions, the promoters of IAPs. This accumulation of 5hmC could in turn activate
IAP transcription 7.

Notably, this study provided the first experimental evidence using a
combination of both RNA -seq and genome-wide bisulfite sequencing to associate the
loss of 5mC in gene promoters with a corresponding increase ingene transcription. In
the cortex of conditional Uhrf1/- mice, reduced DNA methylation had little effect on
genetranscription, as only 0.2% of hypomethylated promoters ha d significantly up -
regulated transcripts, again raising the possibility that UHRF1 regulate s genesby

mechanisms beyond its well -characterized epigenetic functionalities?.



1.1.4 The function of UHRF1 in hematopoietic stem cells

In the fetal liver hematopoietic stem cell (HSC) system, Uhrfl knockout has a
discrete phenotype. One study found that Uhrfl was indispensable for self-renewal of
HSCs. To study the function of UHRF1 in hematopoiesis, researchers crossed the
Uhrflfodfloxmouse line with the Vavl-crestrain to deplete Uhrfl at E12.5in the HSC
compartment. Knocking out Uhrfl in this fashion led to a drastic decrease in the absolute
cell numbers of multilineage hematopoietic cells in the fetal liver. Unlike the cell death
phenotype observed in the Uhrfl-deficient cerebral cortex, the decreaseof HSCswas not
due to increased cell death or reduced cell proliferations. Further analysis indicated that
Uhrfl null HSCs underwent enhanced erythroid -biased differentiation as well as
reduced self-renewal. The skewed lineage choicemight be a consequence ofcpG
demethylation around the transcription start sites of several critical erythroid -specific
genes such asGatal Gfilb, and Car2.

To further explore the role of Uhrfl in adult HSCs, the same group generated
Uhrflfioxflox Mx1-cremice, to conditionally inactivate Uhrfl upon poly(l:C) administration .
A similar phenotype was observed asin Uhrfl-deficient fetal liver HSCs8. UHRF1
maintained the self-renewal capacity of adult HSCs and prevented them from

differentiation by silenc ing lineage-specific genesthrough DNA methylation &.



1.1.5 The function of UHRF1 in cancer

The function of UHRF1 has been frequently studied in cancer. High UHRF1
protein levels have been reported in non-small cell lung cancer, hepatocellular
carcinoma, prostate cancerand gastric cancerand is invariably correlated with
unfavorable prognosis in cancer patients'>!, Different phenotypes have beenobserved
in human cancer cell lines in vitro when UHRF1 expression was manipulated. Reduced
cell prolifer ation was indicated in one study , whereas another report showed that
transient knockdown of UHRF1 by siR NA had no effect on Hela cell growth 202 In other
reports, UHRF1-deficient tumor cells showed augmented cell death 1622 As discussed
previously , the IFN response or alteration in the AKT -mTOR pathway accounts for the
cell death phenotype observed in conditional Uhrfl knockout cells. However, it seems to
be a different story for UHRF1 in human tu mor cell lines. One report showed that
knocking down UHRF1 in HCT116 colorectal cancer cellsactivated the DNA damage
response pathway, asindicated by incr easedtrH2AX and p -CHK2 levels, thus leading
to increased caspasemediated cell apoptosis?2. Accumulating in-depth biochemical
studies demonstrated that UHRF1 plays key roles in repairing DNA double-strand
break and inter-strand crosslink lesions?*232¢ UHRF1-deficient tumor cells are
susceptible to cell death in the presence of DNA damage -inducing agents2324 In

addition, UHRF1 has also been shown to regulate gastric cancercell invasion in vitro°.



However, the previous reports did not utilize in vivo modelsto study the role of
UHRFL1 in tumorigenesis and tumor progression with an intact immune sys tem. The
function of UHRF1 may differ in non -transformed and transformed cells as well as at
distinct tumor stages. As discussed later, manipulation of epigenetic regulators can also
interfere with crosstalk between tumor cells and the immune population in the tumor
microenvironment, which again underscores the importance of studying the
functionality of UHRF1 in tumorigenesis and tumor progression in vivo. In Chapter 3,
we use the syngeneicmouse model to dissectthe role of UHRF1 in non-small cell lung

cancer.

1.2 Airway basal cells

The respiratory system is essential for air conduction, air filtration , and gas
exchange The airway hydrates the air and creates a barrier to exclude airborne patrticles
or pathogens from reaching the lung tissue. Therefore, airway homeostasis is essential to
maintain the coordinated functions of the respiratory system 2526 The human airway
consists of multiple cell types, of which we are particularly interested in a population
called basal cells (BCs). BCs function as stem cells that can setenewal and differentiate
into other cell types in response to airway injury 27.28 In Chapter 2, we will focus on the
genes and molecular pathways involved i n BC biology and how they impact the

physiology of airway homeostasis and repair.



1.2.1 The anatomical structure of the airway

The airway derives from the developing foregut and consists of the trachea,
bronchi, bronchioles, and distal alveolar regions. The trachea, serving as a conduit for
air, extends from the larynx to the middle of the thorax, where it splits into the two
primary bronchi . Each bronchusextends into the lung lobes and branches into even finer
airway passages, which are referred to asbronchioles. Eventually, the bronchioles
terminate into the gas exchange sitesknown as alveoli. In humans, the terminal
bronchiole is the most distal part of the conducting airway and further branches into
respiratory bronchioles that engage in gas exchange The terminal bronchiole s,
respiratory bronchioles, and alveoli constitute the pulmonary acini 2. In humans, the
trachea, the mainstem bronchi, and proximal parts of the terminal bronchioles are lined
by a BC-containing pseudostratified mucociliary epithelium , whereas for mice, this
mucociliary structure is mainly restricted to the trachea 26.

The wall of the trachea is composed of four definable layers: mucosa, submucosa,
cartilaginous layer, and adventitia?®. The mucosa refers to thepseudostratified
mucociliary epithelium . The submucosa ®ntains mucus-producing submucosal glands.
In human, these glands can be found in the airways of the lung. But in young mice,

submucosal glands are mainly limited to proximal part of the trachea and extralobar



bronchiz®. The arrangement of the series of cartilaginous rings keeps the lumen of the

trachea open to conduct air.

1.2.2 Cellular composition of the airway pseudostratified mucociliary
epithelium

The airway pseudostratified epithelium consists of BCs, ciliated cells, and
secretory cells. Ciliated and secretory cells are regarded as luminal cells. Airway BCs
compose ~30% of the pseudostratified mucociliary epithelium of the lung, function as
stem cells in the airway, and remain quiescent in their steady state?>27:31.32 Transcriptome
profiling of airway epithelial cells and immunohistochemistry of the mouse airway have
revealed that BCs are Trp63 and cytokeratin 5 (Krt5) positive. Upon injury, BCsreplenish
the wound by self-renewal and differentiation into early progenitor cells to further
generate luminal cells to restore the mucociliary epithelium to the homeostatic state
This regeneration process is precisely controlled in a spatio-temporal manner. However,
disruption of the balance between basal cell proliferation and differentiation invariably
results in pathological conditions 26,

Secretory cellsare a heterogenous population consisting of Club cells and goblet
cells. The domeshaped Club cells, originally known as Clara cells, express and secrete
secretoglobin proteins, such asSCGB1A1 SCGB2A2or SCGB3A1 Thesesecreiglobin
proteins have been shown toplay important functions in  pulmonary antioxidant defense

and inflammatory modulation 3334 In addition, most of thesecell also express

1C



cytochrome P450 dependentoxidases todetoxify harmful substances inhaled into the
lungs?. It has been reported that Club cells can trans-differentiate into BCs when BCs
are depleted3®. Another subtype of secretory cells, goblet cells, are rare in the airways of
laboratory mice living in pathogen -free conditions but are abundant in human airways 25.
Goblet cells are the major cell typeto secret mucin and this cell type can be identified by
Muc5AC immunostaining . Mucocili ary clearance is the majorfunction of acetyl-tubulin *
ciliated cells. The forkhead transcription factor FOXJ1 is critical for ciliated cell
differentiation 2537 The Notch signaling can also negatively regulate ciliated cell

differentiation 3839

1.2.3 The Regulation of adult airway BCs.

Airway BCs function as stem cells capable of selfrenewal and differentiation.
The first evidence for this was provided by lineage tracing, which demonstrated that
K14-expressing basal cellscould proliferate and differentiate into other cell types in
response to naphthalene treatments. Later, a more comprehensive study that combined
lineage tracing, organoid cultures, and transcriptome profiling found that BCscan
generate both ciliated and secretory cells in the adult airway in the steady state or after
SO injury 27, Since then the importance of airway BCs has beenfurther appreciated, and
several studies have beendesigned to delineate the molecular mechanisms underlying

BC self-renewal versus differentiation 274046, We summarize here some of the key players
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and signaling pathways and their primary functionalities in controlling  adult airway

homeostasis and regeneration.

1.2.3.1The Notch signali ng pathway

The Notch pathway is a highly conserved signaling cascade that plays vital roles
in regulating diverse biological processes including cell proliferation, cell fate
determination , and cell death*’. Under most circumstances, Notch signaling requires
direct cell-to-cell interaction. The direct binding of the extracellular domains of Notch
receptors and their cognateligands results in proteolytic cleavage and release of the
intracellular domain of the receptor, which translocates into the nucleus to modulate
gene expressiorf’. Through trans-activation and cis-inhibition, the N otch signaling
pathway maintain s cell fate decisions to organize exquisite tissuearchitectures,

There are four mammalian Notch receptors, Notchl, Notch2, Notch3, and
Notch4. Notchl was the first to be investigated in the adult airway epithelium , and has
been shown to drive secretory cell differentiation from BCs 4. Importantly, in this study,
it was proposed that the BC/progenitor cell heterogeneity could be shaped by the
threshold or diversity of Notch signaling to dictate early progenitor cell lineage choices.
A subsequent study show ed that Notch3 activity was crucial for the restriction of the
Trp63+ BC poolto generate Trp63- early progenitors 4°. Evidence from this study also

demonstrated that the Notch3 signal was induced before the activation of Notchl and
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Notch2 pathway s during the early differentiation phase ofair-liquid interface (ALI)
culture s of mouse airway BCs. In addition, it has been reported that the activation of
Notch2 pathway in BCs is capable of driving secretory cell fate commitment 3. Taken
together, these resultssuggestthat distinct Notch signals may be tightly controlled and
temporarily activated to specify BC lineage choices.

As mentioned earlier, BCs with active Notch signali ng function as signal-
receiving cells to control cell fate decisions, but they can also serve as signalsending
cells to maintain cell identities of daughter cells. A recent study revealed that BCsare
able to transmit a forward signal by expressing Jagge@ to trans-activate the Notch2
receptor-expressing secretory cells topromote their lineage identity 5. Thus, depletion of
either BCs or Notch ligands on the BCsdrives secretory cellsto differentiate into ciliated
cells.

Nevertheless, some limitations exist for current study of the Notch signaling
pathway. For example, to investigate loss-of-function Notch phenotypes, researchers
usually use the RBPjkconditional -knockout mouse model. RBPjkis a transcription factor
that is essential for all canonical Notch activities52 Thus, using this mouse model to
block all canonical Notch signals may not be able to provide direct evidence for the role
of a specific Notch pathway in regulating cell fate commitment. In addition, a

comprehensive study to determine the activation of specific Notch signaling pathway s
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during airway repair at different time points , as well as in different cell types, is
currently lacking . Another important aspect of Notch -mediated basal cell differentiation
is how cell polarity or sym metric/asymmetric cell division impactson Notch activity in
parental/daughter cells to generate cell diversity. The aforementioned study reported
that Trp63+ BCs were able to produce Notch3Trp63- early progenitor cells in ALI

culture s. If the same applies toin vivo conditions, it will be interesting to assess if cell
fate determinant proteins, namely Numb and Par proteins, regulate the generation of

Notch3*Trp63- cells from Trp63+* BCsthrough asymmetric cell division.

1.2.3.2The Hi ppo-Yap signaling pathway

The Hippo -Yap pathway is best known for controlling organ size by regulating
cell proliferation and apoptosis 2. YAP1 (Yesassociated protein 1) is a transcriptional
regulator in the Hippo kinase pathway, which is involved in growth control and stem
cell functionss354 YAP1 is highly expressed in BCs at steady state and is essential for
sustaining BC cell fate®. In a mouse model in which Yaplwas specifically depleted in
BCs, thepseudostratified epithelium transformed into a columnar epithelium lacking
BCs'¢. By contrast, the gain-of-function approach indicated that ove rexpression of
constitutively active YAP1 in BCs alone was sufficient to induce BC hyperplasia and
stratification 46. Mechanistically, YAP1 directly interacts with the key transcription factor

of BCs, TRP63 and functions as a ceactivator to directly requlate TRP63downstream
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target gene expressiorfé. Genetic manipulation of TRP63expression in the Yapl
transgenic mice could reverse the BC hyperplasia phenotypet. This work focused on
analyzing the functional relevance of YAP1 in BC homeostasisduring steady state when
the turnover of BCs is slow. Since YAP1 has been reportedto regulate cell proliferation,
it will be of interest to use both loss-of-function and gain -of-function approaches to
determine the role of YAP1 in airway injury models when the proliferate rate of BCsis
accelerated

Precise control of YAP1 localization has been shown to becrucial for promoting
airway epithelial specification and homeostasis in the developing mouse airway>®. In
particular, CRB3, a keyfactor in establishing the apical domain of epithelial cells, directs
nuclear YAP1to the cytoplasm by inducing YAP1 phosphorylation by Lats1/2 kinasesin
luminal cells at apical junctions, suggesting that apical-basal polarity dictat es
localization of YAP155, Immunostaining results from the previous work in the adult
mouse airway found that expression levelsof YAP1 were much higher in basal cells than
luminal cells %. Interestingly , inconsistent with the result in the developing mouse
airway %5, YAP1 was localized in nuclear rather than cytoplasm in luminal cells at apical
junctions“, Thus, how the subcellular localization of YAPL1 in differentiated cells differs

between developing and adult airways warrants further i nvestigation.
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1.2.3.3The TGF¢/BMP signaling pathway

The TGF)/BMP signaling pathway has beenshown to regulate diverse biological
functions in development as well as in adult tissues. This signaling pathway is initiated
by ligand -induced activation of receptor kinases and subsequent phosphorylation of the
cytoplasmic signaling molecules Smad1/5/8 for the BMP pathway, or Smad2/3 for the
TGF¢ signaling pathway 8.

Studies have shown that in the airw ay epithelium at steady state luminal cells
have highly active Smad signaling, asindicated by elevation of phosphorylated (p) -
Smad1/5/8 and p-Smad2/3, whereas BCs haverelatively weak or undetectable Smad
phosphorylation 40, Additionally, t he BMP signaling pathway is dynamically controlled
post airway injury, which coordinates with BC proliferation and differentiation 4%
Twenty -four hours after injury when BCs undergo rapid proliferation, p -Smad1/5/8
expressionremains low until four days after injury when early progenitors beg in to
differentiate 4. Treating BC organoid cultures with BMP ligand reduced BC proliferation
and inhibited sphere formation. Systematic administration of a BMP inhibitor
accelerated BC proliferation and result ed in transient BC hyperplasia. But this transient
epithelial architecture disruption was compensated by apoptotic cell extrusion and
shedding within two weeks after airway injury 4. Overall, these data indicate that

activation of TGF¢ ¥ ! ,sifnaling pathway imposes anti-proliferative effects on airway
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BCs. Importantly , this mechanism is alsoapplicable to several other epithelial tissues
including skin, esophagus,and epididymis 4°.

Crosstalk between the Hippo -YAP pathway and tT | w3 ®étiped SMAD
signaling pathway is under intense investigation. It has been shown that during mouse
embryogenesis, subcellular distribution of TAZ/YAP is correlated with active
SMAD complexes’”. YAP1 candirectly bind to active heteromeric SMAD complexesto
sequesterSMAD 2/3 complexes inthe cytoplasm once the Hippo pathway is activateds’.
Evidence from previous reports also showed that in the adult airway epithelium,
subcellular localization of YAP1 was negatively correlated with active SMAD
complexes®. BCs have high nuclear YAP1 expression but low SMAD activity , whereas
luminal cells have low YAP1 expression but high SMAD activity 4046 As a result, the
strength of the direct interaction between YAP and heteromeric SMAD complexes
requires further interrogation in adult BCs*45 This discrepancy also indicates different
functionalities of the Hippo pathway and Smad signaling in develop ing versusin adult

somatic tissues

1.2.3.40ther modulators of airway homeostasis and regeneration

The grainyhead and grainyhead -like proteins are conserved transcription factors
that can function as either activators or repressorsto regulate organ development and

barrier repair after tissue damage® . Grainyhead like 2 (GRHL 2) has been shown ©
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function as a master regulator to coordinate diverse biological processes including
epithelial m orphogenesis and lineage choicein the airway 448, Depletion of Grhl2in
mouse BCs favorssecretory cell differentiation in vivo, and impairs the establishment of
apical-basal polarity in organoid cultures 442 By combining ChlIP-sequencing and RNA-
sequencing, several putative targets of GRHL2, for example, SMAGP, ZNF750, MYB,
RFX2, and MCIDAS, have been identified in human BCs#¢ MYB, RFX2, and MCIDAS
have been shown to be important ciliogenesis geneg®63, which partially explains the
skewed dif ferentiation towards secretory cells after GRHL2 knockout by CRISPR.
ZNF750, a zinc finger transcription factor ¢, has beenshown to promote ciliated cell
differentiation from BCs and epithelial barrier formation ¢, while SMAGP, a
transmembrane protein ¢, does not determine cell fate choices but is only required for
apical-basal polarity and barrier formation . Since ZNF750and SMAGP are not
typically studied in most epithelial systems, it will be intriguing to understand the in -
depth molecular mechanisms of these genes in controlling epithelial morphogenesis.

Soluble factors, such as gtokines or chemokines, secreted inthe local tissue
environment can also affect the lineage selection of BCs. A previous report showed that
after airway injury, IL-6 production is up-regulated in residing / # & %1is¥omal cells,
which subsequently activated the STAT -3 pathway to promote ciliated cell

differentiation from BCs “3. These resultshighlight the importance of the local stem cell
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niche affecting tissue regeneration. Moreover, as several respiratory diseases originate
from chronic inflamm atory responseg$t%, a comprehensive understanding of the effects
of inflammatory cytokines on BC proliferation versus differentiation could shed light on
pathological condition s and provide potential therapeutic avenues for these diseases
Taken together, considerable progresshas been mace toidentify crucial
regulators and signaling pathways that control airway homeostasis and repair. There are
still many unaddressed questions, one of which is epigenetic regulation. A series of
studies on embryonic and adult stem and progenitor cells have underlined a broad and
essential role for epigenetic modulation in stem cell proliferation, self -renewal, and
differentiation 671, In Chapter 2, we will provide an in -depth description of how the

epigenetic regulator, UHRFL1, regulates adult airway repair from BCs.

1.3 The microenvironment in non-small cell lung cancer
tumorigenesis and progression

Cancer isnot just a genetic disease with masses of malignant cells, and no cancer
is an island entirely of itself. The constant interaction and communication between
transformed cells and resident cells creates a tumor -permissive microenvironment for
cancerto survive and thrive 7273 Many recent studies have demonstrated the impor tance
of the immune system in modulating disease progression 7475 Non-small cell lung cancer

(NSCLC) is one of the most prevalent forms of lung cancer, with limited efficacious
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treatment options 6. Here, we provide a brief summary of some key players in cancer

development, with special focus on the cancerimmune interactions in NSCLC.

1.3.1 Non-small cell lung cancer

Lung cancer is the second most common cancer in both men and women and is
the leading cause of cancerdeath’7”. There are two major subtypes of lung cancer, non
small cell lung cancer (NSCLC) and small cell lung cancer (SCLCJ¢ NSCLC, the most
common subtype, accounts for about 85% of lung cancer®. NSCLC can be further
divided into three categories: adenocarcinoma, squamous cell carcinoma, and large cell
carcinoma’®, Smoking is positively correlated with the incidence of all lung cancer
subtypes, but is most strongly associatedwith small -cell lung cancer and squamous-cell
carcinoma. Adenocarcinoma is the most common type in patients who have never
smoked’678

There arefour stages of NSCLC based on whether cancercells are confined to the
lung or metastasize to neaby lymph nodes or systemically. According to the statistics
from the American Cancer Association, the five-year survival rate for stage | or Il
NSCLC is about 50%30%. By stark contrast, the fiveyear survival rate for stage Ill
NSCLC drops below 15%, and for very advanced stage IV NSCLC, the survival rate is
only about 1%. Despite advances in early detection, late-stage, metastaticNSCLC

remains largely incurable®,
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The current treatment options for NSCLC include surgical resection,
radiotherapy, chemotherapy and targeted therapy 8. For advanced stages, the firstline
therapy is cytotoxic combination chemotherapy?®. Further targeted agents have shown
clinical benefit to NSCLC patients with either epidermal growth factor receptor
mutations or anaplastic lymphoma kinase rearrangementsgosL

With the success of immunecheckpoint inhibitors in trea ting metastatic NSCLC
patients®283 therapies activating the immune population in the tumor microenvironment
provide a promising new angle for treating this disease. Immune -checkpoint inhibitors
are humanized antib odies that specifically block immune -inhibitory signals, e.qg.
cytotoxic T-lymphocyt e-associated antigen 4 (CTLA4) or programmed cell death-1 (PD-
1) and its ligand (PD-L1) on immune cells or tumor cells 88, Theseimmune -inhibitory
signals tune down the immune -reactivity of T cells to guard against autoimmunity. By
up-regulating PD -L1 expression, tumor cells also employ the same pathway to evade
immune surveillance 8486 Understanding the functional ramification of immune
populations as well as the intercellular communication between tumor cells and
immune populations in the tumor microenvironment can help usto gain mechanistic

insights into novel cancer therapies.
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1.3.2 Immune cells in the NSCLC microenvironment

Recent progress in cancer immunology has promoted an intense search for
approaches aimed at restoring antitumor immunity and mitigating immunosuppression.
Here, we summarize the key immune populations involved in NSC LC surveillance and

tumorigenesis.

1.3.2.1 T lymphocytes

T lymphocytes develop in the thymus and play crucial roles in mediating
adaptive immunity. Conventional T lymphocytes can be further divided into different
subtypes depending on functionalities and s urface marker expression, including CD8+
cytotoxic T cells and CD4+ helper T cells which are the primary tumor -infiltrating
lymphocytes (TILs). CD8+ T cellslimit cancer cell expansionby permeabilizing the
membrane with perforin, inducing apoptosis via g ranzyme-induced caspase activation,
or inhibiting cell proliferation through IFN -tosecretiont”sS, CD4+ helper T cells can
strengthen the cytotoxic effect of CD8+ cells by producing immunoregulatory
cytokines®,

Numerous studies have analyzed the prognostic influence of TILs in NSCLC
patients. The degree of CD8T-lymphocyte infiltration within the tumor region hasbeen
invariably reported as a positive prognostic marker of NSCLC patients from multiple

studies®?%3. However, the prognostic impact of both CD8+ and CD4+ T cells in NSCLC
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patients is more controversial. In one recent study in which NSCLC patients had either
complete surgical resection or adjuvant chemotherapy, the group of patients with higher
TILs had longer overall survival %, in agreement with other previous studies %% But in a
separatereport, investigators failed to see a consisent correlation between overall TIL
and patient survival using two independent NSCLC patient datasets .

Contrary to the well -established cytotoxic functions of CD8+ T cells, thefunction
of CD4+ T cells in NSCLCremains elusive, which might explain the inconsistencies of
clinical data using CD4+ T cells as prognostic indicators. High CD4+ T cell infiltration
does not always correlate with better survival 92°7.9 Cytokine s produced by tumor cells
canimpact whether T-cell population sin the tumor microenvironment adopt a Thl or
Th2 phenotype®. The presenceof Thl cellsis often regarded asa favorable marker for
tumor rejection, while a dominant Th2 response promotes tumor progression 190, CD4+
regulatory T cells are capable of inhibiting the function of effector T cells by depleting
the IL-2 pool and secreting soluble immunosuppressive molecules, such as TGF¢, IL-10
and adenosinet®s, In several murine cancer models, including KRAS-driven
adenocarcinoma, depletion of Foxp3+ Treg cells decreasedumor growth and delayed
tumor progressioni®2 However , in a recentattempt to understand how systemic immune
responses drive tumor rejection using a specific type of dendritic cell vaccine,

researchers found that Foxp3+ Tregswere increased concomitantly with CD8 +and CD4+
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T cells in the responder group. They also observed an induction of a subset of Treg cells
in melanoma patients who responded to a combination of anti-CTLA -4 antibodies with
GM-CSRE®, Thus, further in -depth mechanistic studies are required to elucidate the
precise roles of CD4+ Tcellsin different biological contexts, such as during

tumorigenesis, tumor progression, or in response tospecific immunotherapies.

1.3.2.2Natural Killer cells

Natural Killer (NK) cells are cytotoxic lymphocytes that play critical roles in
innate immun ity. Contrary to T cells, NK cells are innately cytotoxic cells that can lyse
tumor cell lines in the absence of prior stimulation°4 The activation of NK cells does not
require specific antigen-presentation; instead, it is determined by the balance between
activating and inhibitory signals from surface receptors®, NK cells can directly Kill
tumor cells with altered surface expression of MHC c lass | molecules by secreting
perforin and granzymes . NK cells can also exert thér antitumor effect through
reciprocally interact ing with DCs, macrophages, T cells and endothelial cells by
producing various cytokines , chemokines and growth factors?ee,

Two studies have shown impaired functionality of tumor -infiltrating NK cells in
NSCLC. In those reports, NK cells displayed aberrant phenotypic features including
altered cytokine release and poor cytotoxicity, potentially due to defective expression of

NK surface activation markers or intracellular signaling molecules, or overexpression of
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inhibitory receptors 107108 Smoking and the immunosuppressive tumor

microenvironment have been reported to attenuate NK functioning 1°¢111, The prognostic
role of NK cells in NSCLC has also beeninvestigated. High levels of tumor infiltrating

NK cells have been shown to associate with better prognosis in NSCLC patients,
especially in early stagesof cancert12113 Several studies have shown that increased
numbers of intratumor NK cells is correlated with better survival in NSCLC patients

with resection of local tumors 112113 Given the importance of NK cells in the first -line of
defense against malignancies,many ongoing clinic trails are attempting to harnessthe

power of NK cells to boost anti-tumor immune responseso8.114

1.3.2.3Dendritic cells

Dendritic cells (DCs), the central hub for adaptive immunity, are professional
antigen presentation cells (APCs) that arecrucial for T cell activation . During tumor
immune surveillance , DCs cantake up tumor -associatedantigens and migrate to
draining lymph nodes to activate naive T cellst?®,

Well aligned with this important concept, infiltration of DCs into primary tumor
lesions has been associated with significantly prolonged patient survival and a
decreasedincidence of metastatic disease inNSCLC patients!16, Moreover, the
proportion of mature dendritic cells in tumor regions has been repated to negatively

correlate with clinical stage and lymph node metastasisti”.118 Usually, the permissive
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tumor microenvironment can polarize and impair DC maturation to facilitate tumor
progressionit¢12i Evidence from several studies has shownthat some tumor -associated
DCs lower the ability of stimulating T cell proliferation because of: 1)decreased uptake,
processing and presentation of antigens; 2) lowered expr ession of costimulatory
receptors; or 3) high expression of negative regulatory moleculestt¢123 Becauseof the
special properties of these cells in coordinating innate and adaptive immune responses,
DC-based tumor vaccines to stimulate tumor -specific T-cell responsesare under
consideration15116 More mechanistic studies wil | provide further insights into how to
appropriately exploit DCs to boost anti-tumor immunity, especially in combination with

checkpoint inhibitors.

1.3.2.4Tumor -associated macrophages

Macrophages arephagocytes of the monocytic lineage that can engulf pathogens
or apoptotic cells through phagocytosis?4 The origin of tumor -associated macrophages
(TAM s) is under debate, but several mouse models have shown that TAMs may be
derived from the Ly6C+ population of circulating monocytes 125126 TAMs can be further
divided into anti -tumor M1 macrophages and pro-tumor M2 macrophages. The M1
TAMs, characterized by the production of inducible nitric oxide synthase, reactive
oxygen species (ROS), and the Thdassociated cytokine IL-12, canremove tumor cells by

phagocytosis, function as APCs to present tumor antigens to T cells andproduce pro-
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inflammatory cytokines to boost immune responses?’. On the other hand, M2 TAMs
promote tissue remodeling and angiogenesist?’. Several published reports have shown
that TAMs promote angiogenesis and metastasisn glioblastoma and that these
angiogenic TAMs express Tie2128, Genetic ablation of Tie2-expressing TAMs inhibits
angiogenesisi2130 Although the functional relevance of the Tie2-expressing TAMs has
not beeninvestigated in NSCLC, a clinical study has shown that in NSCLC patients, M2
TAM s are the dominant type of tumor macrophages, and that patients with high levels
of M1 macrophages have prolong ed survival 3. Finally, TAMs may also impact tumor
progression by negatively affecting T cell-mediated anti-tumor activity by expressing T-

cell inhibitory ligands , such asB7-H4 or PD-L1132133

1.3.2.5Neutrophils

Neutrophils are the dominant innate immune cellsin blood and are the first
responders to infection 134 It has been shown that neutrophils are the most abundant
immune cell type in NSCLC 135,

In a mouse lung cancer model tumor -associated neutrophils (TANs) were
shown to be more cytotoxic on tumor cells at early stages of disease. TANs also
produced higher levels of tumor necrosis factor-alpha (TNF-a) and H202, which
promoted tumor killing , again at higher level at early stage of diseasé?. In contrast,

TANSs in established tumors have impaired cytotoxicity and presenta more pro-
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tumorigenic phenotype. Antibody -mediated depletion of TANs at later stages delays
tumor progression 136, The skewed differentiation of neutrophils towards a pro -tumor
phenotype is due, at least in part, to exposure to TGF¢ secreted by tumor cells.
Specifically, blockade of TGF¢ within the tumor microenvironment induced a
population of TANs with enhanced cytotoxicity 137. Neutrophils are the major source for
granulocytic myeloid -derived suppressor cells (g-MDSCs), which have a profound
immunosuppressive ability to suppress T cell activation and proliferatio n138.139

Results from the above studies have beencorroborated with clinical data .
Namely, a high number of tumor infiltrating neutrophils correlates with enhanced
survival in patients with early stage lung cance r14, In addition, Singhaet al. identified a
subset of TANs that were able to crosspresent antigens and augment anti-tumor T cell
responses in early-stage human lung cancef., Clinical data also showed that the blood
neutrophil -to lymphocyte ratio is elevated in patients with more advanced or aggressive
disease, as indicated by increased tumor size, nodalstage, and number of metastatic
lesions!42, suggesting that neutrophils have a tumor-promoting role at the late stages of

cancer.

1.3.3 Immunostimulatory and immunosuppressive mechanisms

APCs, most notably DCs, are the first cells to recognize, sample, and present

tumor -associated antigens through major histocompatibility complex (MHC) class | or
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MHC class Il pathways 143 TheseAPCs then traffic to peripheral lymphoid tissues, where
they display the relevant peptide to stimulat e CD8+ T cells and CD4+ T cellsA naive T
cell needs to receive a combination of signals from both the T cell receptor(TCR) and co-
stimulatory molecules. The engagement of theTCR with its cognate peptide presented
on MHC on an APC provides the first signal, while the binding of the co-stimulatory
receptor CD28 on T cells with CD80 and CD86 onAPCs delivers the second sgnali#.
The activated antigen-specific cytotoxic T cells can then expand and migrate to tumor
regions and attack cancer cell$4514¢ The process of Fcell trafficking is highly dynamic
and involves a series of distinct activities, such aschemotaxis and vascular infiltration 47,
Once T cells reach the tumorlesions, they must circumvent the negative signals from
tumor cells, which inhibit T cell activation and foster exhaustion of T cells!4814¢ Although
immunologists have endeavored to therapeutically enhanceeach stepof anti-tumor
immunity , efforts are mainly centered on two aspects. enhancing antigen presentation
and preventing exhaustion of cytotoxic T lymphocytes43

Tumor cells can prevent antigen presentation through a variety of mechanisms
including, but not limited to, 1) promoti ng monocyte differentiation to macrophages
rather than DCs to reduce the efficiency of antigen presentation'%, 2) inhibiti ng DC
maturation by secreting IL-10and TGF-¢*51.152 and 3) restricti ng type | interferon

responsesto dampen the cross-presentation capacity of DCs'%3. As type | interferons can
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directly upregulate the expression of tumor antigens and can optimally activate DCs to
cross-present tumor antigen to T cells, recombinant type | interferons are used to treat
both liquid and solid tumors. However, the biggest drawback of this therapy is the
dose-limiting side effects of dire ct interferon administration , including influenza-like
symptoms (fatigue, fever, headache and muscle aches), nausea, dizziness, anorexia,
depression and leukopenia®®. Alternative strategies aimed at increasing potency over
toxicity require the use of pattern recognition receptor agonists to boost type | interferon
production instead of the direct administration of type | interferons54 Thus, how to
stimulate type | interferon production in tumor cells locally in the immunosuppressive
tum or microenvironment remains a challenge. Alternatively, u sing DC vaccinesto
generate mature DCs in patients canbe another way to orchestrate tumor -specific
immune responseg43.155

So far, the mostbroadly succesful immunotherapy is the immune checkpoint
blockade that prevents exhaustion of cytotoxic T lymphocytes (CTL) in the tumor
microenvironment. Checkpoint blockade antibodies have beendeveloped to hinder the
interactions between coinhibitory receptors, such as CTLA-4, PD-L1, TIM-3, and LAG -3,
on T cells and their ligands, which can be expressed on many cell typedst. These
inhibitory pathways are a protective means to prevent autoimmunity and tissue

damage!s1%8 However, activation of th esepathways can dampen the anti-tumor
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immune response and ultimately leadsto tumor evasion 828 Blockade of these
interactions in the clinic can have profound effects, and the most clinically relevant
pathways to date are the PD-1 and CTLA-4 pathways?.

CTLA -4 was the first T cell co-receptor identified as inhibitory and plays a critical
role in immune tolerance. CTLA -4 can outcompete the costimulatory re ceptor CD28 by
binding to the same ligand s CD80 and CD86 on APCs and tuningdown the activation of
T cellst®162 Notably , CTLA-4 is highly expressed in Treg cells, where it allows Treg cells
to outcompete effector T cells to receive stimulatory signals from APCs?6, Therefore
CTLA -4 blockade enables more potent T cell activation from enhanced cestimulation.
Ipilimumab is an FDA approved CTLA -4 antibody used in the treatment of metastatic
melanoma. It has achieved longterm survival benefit in patients that did not respond to
other treatment options 62

PD-1 is induced on naive T cells upon activation, whereas its ligands, PD-L1 and
PD-L2, are expressed in various immune or non-immune cell types. For example, when
CTLs infiltrate into the tumor bed and secrete IFN-tg a critical effector cytokine for
tumor clearance, PD-L1 expression in tumor cells can be induced simutanously 163, The
engagement of PD-L1 and PD-1 negatively regulates T cell activity by multiple
mechanisms: 1) by diminishing the signaling cascade downstream of TCR stimulation ,

thus dampening activation, proliferation , and cytokine production 164168 2) by curbing
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the survival of T cells by reducing anti -apoptotic gene expressionand enhancing pro-
apoptotic gene expressiont¢’168 gnd 3) by reducing the production of cytotoxic molecules
by T cells, thereby decreasing their killing capacity . In a clinic trail of 411 patients who
had metastatic melanoma, treatment with the PD-1 antibody pembrolizumab resulted in
an overall responserate of 34%7. In another clinic trail of untreated advanced NSCLC
patients with more than 50% tumor cells expressing PD-L1, the pembrolizumab group
had a 44.8%o0bjective response rate compared to 27.8% in the chemotherapy group The
median progression-free survival was also much higher in the antibody treatment group

compared to the chemotherapy group "%

1.3.4 Immunomodulatory effects of epigenetic agents

As mentioned, CTLA -4 and PD-1 can negatively regulate T cell activity. Immune
checkpoint inhibitors are a class of molecules that inhibit components of the immune
checkpoint pathways, such as PD1 and CTLA4. The development of checkpoint
inhibitors has opened a new chapter for cancer treatment. Despite the profound
therapeutic effect on advanced NSCLC patients, checkpoint inhibitors are not magic
bullets for every patient, as a majority of patients do not respond to the inhibitors. Thus,
a comprehensive understanding of resistance mechanismsto immune -checkpoint
blockade is needed to identify combinatorial strategies that enhance the eficacy of

checkpoint inhibitors 172 Epigenetic regulation integrates various modulators to exert
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diverse biological functions primarily through chromatin modification sincluding DNA
methylation and histone modification s'73. An aberrant epigenetic landscape in tumor
cells has been proposed to reducethe expression of tumor antigens, antigen presentation
molecules, and immune -stimulatory genes which contribute to resistance to checkpoint
inhibitors 172 Targeting epigenetic modification, such as DNA methylation and histone
modification, might potentially boost anti-tumor immune responses.

Several studies have shown that treatmentby DNA methylation inhibitors can
lead to re-expression ofimmune -related genes in cancer cellsLi et al. analyzed the
global response tothe low -dose DNA methylation inhibitor, 5 -AZA, in several human
epithelial cancer cell lines and found that antigen-presenting related molecules, such as,
B2M, HLA -B, HLA-C, CTSS, NSF2and TAP1, were up-regulated in at least three cell
lines eacht’. In addition , it has been found that treatment with DNA methyltransferase
inhibitors increased co-stimulatory CD80 expression on tumor cells, with a concomitant
increase in tumor-infiltrating CD8 T cells in a murine lymphoma model 175 Although
whether tumor cells themselves can be APCs is under debaté®s, these results highlight
the potential of enhancedtumor immunogenicity to stimulate APCs to achieve effective
T-cell priming. Interesting ly, two recent studies suggested that DNA methyltransferase
inhibitors can induce expression of endogenous retrovirus (ERV) genes, which are

methylated and silenced in control groups . The ERVtranscripts can be detected by toll -
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like receptorsthat subsequently induce the type | interferon response in tumor cells 176.177
Combinatorial treatment of DNA methylation inhibitors sensitize d a preclinical
melanoma mouse model to checkpoint inhibitor tre atment’s. However, t he researchers
did not determine whether tumor -infiltrating immune populations changed or not and
also did not provide direct evidence on how type | interferons contributed to this
synergistic effect. It is likely that type | interferons exert pleiotropic effects on different
immune populations, especially DCs. Further mechanistic studies are required to
understand how the augmented interferon responses in tumor cells can affect the
outcome of checkpoint inhibitors.

Epigenetic regulators can not only indirectly modulate immune responses by
affecting immune -related gene expression in tumor cells, but also directly target tumor -
infiltrating immune populations. Kim et al. showed that in a xenograft m odel of tumors
derived from the CT26 colon cancer cell line or the 4T1 breast cancer cell line, DNA
methyltransferase and histone deacetylase inhibitors combined with PD -1 and CTLA-4
antibodies resulted in a complete tumor regression in 90% of mice.1’8, They further
showed that addition of epigenetic inhibitors to PD-1/CTLA -4 inhibition result ed in a
reduction in the number of circulating G -MDSCs and that the histone deacetylase
inhibitor , rather than the DNA methylt ransferase inhibitor, decreasedthe viability of

MDSCs.
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Encouragingly, the se experimental results underline the potential combinational
use of epigenetic modulators and checkpoint inhibitors in the clinic. A Phase Il study in
NSCLC (NCT01928576) is curretly recruiting patients to evaluate the efficacy of the
histone deacetylase inhibitor entinostat and/or the DNA demethylation agent
Azacitidine prior to treatment with the PD-1 blocker, Nivolumab . More clinic al trials
(NCT02664181 NCT02546986 are planned to explore the combinatorial effect of
immune checkpoint inhibitors and other epigenetic agents.

There are still many unaddressed questions that warrant further investigation.
Firstly, we lack a comprehensive understanding of how defective epigenetic remodeling
facilitates tumor cell to evade immune surveillance , and how targeting tumor cells with
epigenetic agents can promote recognition of tumor cells by the immune system.
Secondly, epigenetic agents target not only tumor cells but also stromal cells ard
immune cellsin the tumor microenvironment. T herefore, understanding the bilateral
effects of theseagentsin the tumor microenvironment is important. Moreover,
individual epigenetic agents havedistinct function sin modulating the anti -tumor
immunity . For example, it has been reported that class | histone deacetylasenhibitor s
can suppress Tregs and augmentthe efficacy of immunotherapies in renal and prostate
cancer models, whereas class Il histone deacetylase inhibitos have no such effect™.

Moreover, many clinically unexplored epigenetic factors canalso serve as potential drug
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targets. In Chapter 3, we will interrogate how loss of UHRF1 augments anti-tumor
immunity in murine NSCLC cell lines. Finally, the lack of clinical benefit at the
maximally tolerated doses of epigenetic modulatory agents in patients with solid tumors
significantly dampened interest in further clinical development. Considering the
immune -stimulating effect , treating patients with lowe r doses of theseagentsin
combination with other types of immune therapies may be able toachieve synergistic

effectst2
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2. UHRF1 facilitates proliferation of airway basal stem
cells after injury by promoting cell cycle progression

2.1 Introduction

The conducting airway s of the human lung are lined by a pseudostratified
epithelium composed of secretory and ciliated luminal cells as well as undifferentiated
basal stem cells. This epithelialarchitecture is physiologically important , asit functions
as a primary barrier against airborne pathogens'&, Damage to the trachea is associated
with increased risk of infections18181 Airway basal cells compose ~30% of the total
epithelial population in the adult mouse airway, func tion as stemcells, and remain
quiescent in their steady state?”. Immunohistochemistry analysis of airway epithelium
has revealed that basal cells are cytokeratin 5 (KRT5) positivé”. KRT5+ basal stem cells
remain quiescent at steady state However, upon injury , they replenish the wound by
self-renewal and production of early progenitor cells that further differentiate into
luminal cells to regeneratethe homeostatic state?”. This regeneration process is precisely
controlled in a spatio -temporal manner, and disrupting the balance between basal cell
proliferation and diffe rentiation invariably results in pathological conditions , such as
those seen inchronic obstructive pulmonary disease 2. Understanding the underlying
mechanisms of epithelial regeneration by airway basal cells could shed light on the
etiology of relevant respiratory diseases.

The ubiquitin -like with PHD and ring finger domain -containing protein 1

(UHRF1) is an epigenetic regulator composed of five domains: an N-terminal ubiquitin -
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like domain, followed by a tandem tudor domain, a plant homeodomain, a SET and
RING -associated damain, and a RING domain. So far this multidomain protein has been
implicated in coordin ating both DNA methylation and histone modification through its
individual domains. Knockout of Uhrfl in mice is embryonic lethal, beginning at
embryonic day 10.5, with embryos exhibit ing extreme growth retardation. Uhrfl1-
embryonic stem cells have pronounced DNA hypomethylation, especially in
heterochromatin regio ns and retrotransposon elements. Previous researchfound
thatUHRF1 plays a role in regulating cell proliferation, survival , and differentiation of
colonic regulatory T cells, invariant natural killer T (iNKT) cells , and hematopoietic stem
cells>88 Loss of UHRF1 in neural stem cellsof the developing cerebral cortex resulted in
a postnatal neurodegeneration phenotype due to increased cell deatty. Collectively,
accumulating data suggest that UHRF1 has multiple biological functions dependent on
cellular context. The broader impact of UHRF1 in epithelial cells, however, hasonly
began to beaddressed. Interestingly, Uhrfl was one of the most differentially expressed
murine genes in a microarray datasetof transcriptionally altered genes after airway
injury in vivo*t. How UHRF1 regulate s airway homeostasis and regenerationhad not
beenelucidated.

In this chapter, we will discuss the function of UHRF1 in airway basal cells. We
found that UHRF1 expression was dynamically regulated during the repair of the

mucociliary epithelium in airway basal cellsin vivo and in three-dimensional (3D)
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organoid cultures. We used an Uhrfl conditional knockout mouse model to
systematically delineate the role of UHRF1 during airway repair after injury. We also
performed loss-of-function experiments to furthe r define the ramification of UHRF1 in
human basal epithelial (HBE) cellsin air-liquid interface (ALI) and organoid cultures.
Using this system, we found that UHRF1 was indispensable for the proliferation and
self-renewal of basal cells after airway injury . Mechanistically, we found that loss of
UHRF1 resulted in defective S phase progression andtriggered a G1 cell cycle arrest
with a concomitant increase in expression of the cyclin-dependent kinase inhibitor p15.
Coincident with the proliferation defect, PCNA immunostaining was reduced in  Uhrfl+
cells, suggesting a failure to assemble an active DNA replication complex.. Genome-
wide RNA sequencing revealed reduced expression of genes associated with cell cycle
progression pathways in UHRF1-deficient cells. Taken together, our results suggest that
UHRF1 is critical for proliferation of basal cells during regeneration of the airway
epithelium by prom oting the G1/S phase transition. Thesefinding s may shed light on

the broader impact of UHRF1 in other epithelial cells.

2.2 Author contributions

For this project, Handan Xiang performed most of the experiments. Lifeng Yuan
initiated this project by identify ing UHRF1 as adifferentially expressed genes in
senescent cellsXiao Gao performed the SO: airway inj ury. Omar Lopez performed

PCNA immunofluorescence staining. Calvin Lau genotyped mice. Scott Randell
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provided HBE cells. Rui Chen, Yi Ding and Mengyang Chong cultured HBE cells. Tao
Sun packaged lentivirus. Handan Xiang, Peter Alexander and Xiao-Fan Wang wrote and
edited the publication. Sqi Liu performed flow cytometry. Beijing Genomics Institute,

Ying Wan and Qi-Jing Li did RNA library preparation and sequencing. )
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2.3 Materials and Methods
2.3.1 Mice

Homozygous Uhrfl floxed (Uhrfl ¥) mice were kindly provided by Dr.
Haruhiko Koseki in the RIKEN Center for Integrative Medical Sciences 5. In Uhrf1
mice, exon 4 and exon 5are flanked by loxP sites. K5-CreERmice!82were kindly
provided by Dr. Brigid Hogan in the Department of Cell Biology at Duke University.
The CreERT2 fragmen, driven by the i nternal ribosome entry site (IRES), was placed
POUOwWUT 1 the KrtfudeBelAlldi¢e were maintained on a C57BL/6 background.
To induce recombination in basal cells, 812 week-old male mice were intraperitoneally
injected with four d oses oftamoxifen (Sigma-Aldrich ) dissolved in corn oil (75ug/g of
body weight) every other day. For SQ:injury, o ne week after the final dose of tamoxifen,
mice were exposed to 500ppm of SQ in air for 4 hours. All experiments were approved

by the Duke Institutional Animal Care and Use Committee.

2.3.2 Cell culture

Primary human bronchial epithelial ( HBE) cells were either obtained from lungs
of deceasedhealthy donors under a University of North Carolina Biomedical
Institutional Review Board -approved prot ocol (03-1396)or purchased from the Lonza
company. Passage 0 (POgells were cultured in plastic dishes coated with bovine
collagen | (Invitrogen 100) in BEGM Basal Epithelial Growth Medium (Lonza).

Confluent PO cells were subsequently plated into plastic dishes without collagen coating
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and frozen for future experiments. Human diploid fibroblasts IMR90 cells were

purchased from the American Type Culture Collection and were cultured in Eagle's

Minimum Essential Medium (EMEM) supplemented with 10% FBS and 1X Penicillin

Streptomycin (Invitrogen) . 293T cells werepurchased from the American Type Culture

Collectonand OEDOUEDPOI EwbOw# UOEI EEOz UwOGEmIi Bl Ewl ET Ol
Invitrogen supplemented with 10% FBS.Cells were maintained at 37 °C in 5% CO..

For tracheosphere culture, spheres were cultured in 0.44m pore size polyester
membranes in 24well, 6.5-mm Transwell inserts (#3470,Corning). 10041 of 100%
Matrigel (BD biosciences) was first added to the apical surface of an insertto prevent the
precipitatio n of spheres to the bottom. Human diploid MRC -5 lung fibroblasts were
purchased from the American Type Culture Collection . 1200 HBE cells mixed with
24,000 MRGS5 lung fibroblasts in 100 41 of 50% air-liquid interface media and 50%
Matrigel were added on to p of the Matrigel . Air liquid interface ( ALI) medium 18 was
added to the lower chamber and changed every other day. The components of are
described in a previous study 83, In brief, ALI medium is made of 50% LHC Basal
(Invitrogen) and 50% DMEM -H (Invitrogen) with 0.5 ng/mL EGF, 1X Penicillin
Streptomycin (Inv itrogen), 0.5 mg/mL bovine serum albumin, 10 pg/mL bovine pituitary
extract, 0.87uM insulin, 0.125 pM transferrin, 0.21 uM hydrocortisone, 0.01 uM
triiodothyronine, 2.7 pM epinephrine, 50 nM retinoic acid, 0.5 pM

phosphorylethanolamine, 0.5 uM ethanolamin e, 3uM zinc sulfate, 1.5 uM ferrous
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sulfate, 0.4 mM magnesium chloride and 0.11 mM calcium chloride. All the mentioned
supplements can be purchased from SigmaAldrich . For immunohistochemistry,

Matrigel plugs containing spheres were fixed with 4% (wt/vol) paraformaldehyde (PFA)
in phosphate-buffered saline (PBS for 30 min at room temperature and then embedded
in paraffin. Three independent experiments were performed using HBE cells from three
different donors. Images were taken by EVOS microscopy at indicated times.

For air-liquid interface (ALI) culture, the same inserts (#3470, Corning)were used
and coated with collagen IV from human placenta (C7521; SigmaAldrich). 33,000 HBE
cells were seededonto the inserts. To test if knock down of UHRF1 affects
differentiation, 60,000 control or UHRF1-knockdown cells were seeded into inserts. ALI
medium was applied to both lower chamber and inserts. One week after seeding,inserts
were checked with bright -field microscopy and cell confluency was monitored. M edium
wasthen removed from insert to expose cells to airliquid interface . The ALI culture was
maintained for another 7 days and cells were analyzed with fluorescent microscopy. For
whole-mount sample preparation, ALI cultures were washed with PBS three times and

fixed in 4% (wt/vol) PFA in room temperature for 10 min utes.

2.3.3 Plasmid and lentivirus
The control shRNA and the shRNA constructs targeting UHRF1 were transduced

into either IMR90 or HBE cells using PLKO.1-puro lentivir al vector (Addgene #10878)

All shRNA constructs were purchased from Sigma-Aldrich. The guide sequences of the
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shRNAs used in this study are as follows: shNT (non-targeting), k 7
CAACAAGATGAAGAGCACCAA -+ dwr hOwk z" &3" 333 " " "&3&
UT 4¢1 Owkz" " &" " & & 1. Th&crBrol ShRNA does not target any
mammalian products EE U] EwOOwWOEOUI E E UrbelshpBxPLKOR-PUod0 UUE UD O C
plasmid was purchased from Addgene (#1911984 1249 of individual shRNA, 949 of ps-

PAX2 (Addgene #12260)and 3% g of VSV-G (Addgene #14888)expressing plasmids were
co-transfected into 293T cells usingLipofectamine 2000 (Thermo Fisher Scientific)
EEEOQUEDOT wOOwWOEOUI Erheliiaps lofl@achplantiohte Showanind O O U
Appendix A -C. Viruses were collected 48 hours after transfection. For HBE cells, when

cells reached 40% confluency, viruses wereapplied for 8 hours with 24 g/ml polybrene
(Sigma-Aldrich ). For lentiviral transduction of IMR 90 celks, cells were infected with

viruses for 18 hours at 40% confluency with 4 4 g/ml polybrene. 48 hours later, cells were

cultured in puromycin (0.5 42g/ml for HBE cells; 1 4g/ml for IMR9 0 cells) for two days to

enrich for stably infected cells.

2.3.4 EdU staining

Cells were incubated with 10 4M EdU (Thermo Fisher Scientific) for 2 hours at
37°C. Spheres were incubated with 105 M EdU for 5 hours at 37°C. For analyzing EdU+
cells by flow, the Click-iT EdU flow cytometry assay kit (Thermo Fisher Scientific) was
used. Specifically, cells were first fixed with 4% paraformaldehyde (PFA)in room

temperature for 10 minutes. Fixed cells were then permeabilized with 1X Click -iT
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saponin-based permeabilization buffer and subsequently stained with Click -iT reaction

BD FACS Canto flow cytometer atUT I w# UOI w" EQET Uw" 1 OUI UwUT EUI E wk

facility .

2.3.5 Annexin V and PI staining

Cells were harvested and immediately stained with Alexa Fluor 488 Annexin
V/Dead Cell Apoptosis Kit ( Thermo Fisher Scientific EEEQUEDOT wUOOwUT 1 wOEQUI
instructio n. Specifically, freshly collected cells were stained with 1 41 Alexa Fluor 488
annexin V and 141 1004 g/mL propidium iodide (PI) working solution for 15 minutes in
room temperature . Immediately after the staining, cells were washed with fluorescence
activated cell sorting (FACS) buffer (2% FBS and 2 mM EDTA in PBSand analyzed by
using a BDFACSCantoatUT T w# UO1 w" EQEI Uw" 1 601 UwUT EUI EwRObPw
2.3.6 Cell cycle analysis
Cells were incubated with 1054M EdU for 2 hours and then fixed on 4 °C for 1
hour by using the Foxp3 / Transcription Factor Fixation Permeabilization Concentrate
and Diluent buffer (eBioscience). Cells were then stained with Click -iT EdU flow
cytometry kit (Thermo Fisher Scientific) and then treated with 104 T ¥ ®Nase (Qiagen)
for 5 minutes at 37 °C before staining with 104 g/ml PI for 30 min utes at room
temperature. Cells were washed with FACS buffer and analyzed by FACS at the Duke
"EOEIT Uw" 1 OUI UwUT EUI EwROPWEaAUOOI GDUawi EEPODPUA
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2.3.7 5-methylated cytosine staining

Control or U HRF1-knockdown cells were fixed on 4°C for 1 hour by using the
Foxp3 / Transcription Factor Fixation Permeabilization Concentrate and Diluent buffer
2N hydrochloric acid for 30 min utes at 37°C and neutralized with pH 8.4 Tris -HCI
buffer. After washing once with 1% (wt/vol) b ovine serum albumins (BSA) in PBS, cells
were blocked with 5% goat serum for 30 min utes and stained with 5-MeC antibody
(Abcam, ab10805 1:1000) orlgG isotype control gp( OY DU U O1 1 0rQ hwdwruat 4Cy O + A w
followed by incubation with a secondary-antibody (Invitrogen , A-11001 1:400) for 20
min utes at room temperature . All immunofluorescent images were recorded by Zeiss
780 confocal upright fixed stage confocal microscope with 20x/0.80 Dry Zeiss Plan
Apochromat objective . Mean immunofluorescence intensities of individual cells were

measured by the Measure function in the Analyze folder of FiJi ImageJ software

2.3.8 Western blot

Total protein was extracted using the NETN buffer (0.9% NP-40, 1mM EDTA, 50
mM Tris -HCI, 50 mM NaCl) supplemented with 1X protease and phosphatase inhibitor
cocktail (Thermo Fisher Scientific, 78442 1:100 dilution). Lysates were first sonicatedfor
30 seonds at 30% amplitude using the low power ultrasonicator (Fisher Scientific, J913
and centrifuged at 12,000rotation per minute (rpm) to achieve 11752 gfor 10 minutes.

The supernatant was collected and boiled in 1X loading buffer (Thermo Fisher Scientific,
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NP0007)for 10 minutes. 5-20% T upébteimsample were eachresolved on 4%-10%
denaturing SDS gels and transferred to nitrocellulose membranes (Millipore) using
standard methods. Membranes were blocked in 5% BSA TBST(tris-buffered saline, 0.1%
Tween 20) and probed with the following antibodies: primary antibody anti -UHRF1
(BD, 612264, 1:1000), p21 (Cell Signaling, 2947, 1:1000), p15 (Santa Cruz6%2, 1:1000),
pl1l6 (BD, 531325GR, 1:1000)rp53 (Santa Cruz, se126, 1:1000)and secondary antibody
labelled by horseradish peroxidase (Invitrogen , G21234 and G21040, 1:5000The
secondary antibody was visualized using a chemiluminescent reagent Pierce ECL kit
(Thermo Fisher Scientific) EEEOUEDOT wOOwUT I wOEQUI EEUUUI Uz UwbO
2.3.9 Immunofluorescence

For PCNA staining, HBE cells or IMR 90 cells transduced with either scrambled
or UHRF1-targeting shRNA were fixed in ice -cold methanol for 5 min utes in room
temperature. Cells were blocked with serum-free blocking buffer (DAKO , Agilent,
X0909 with 0.1% Triton X -100 and incubated with th e following antibodies: primary
anti-PCNA (Santa Cruz, s¢7907, 1:200), antUHRF1 (Santa Cruz, se373750, 1:100), and
secondary antibody conjugated with different Alexa fluorophores (Invitrogen , 1:400).
Mouse tracheas were fixed in 4% (wt/vol) PFA in PBSat 4 °C for 3 hours, washed with
PBS, and paraffin embedded. Tracheas were sectioned longitudinally at 74 m. For the
antigen retrieval step, paraffin sections were soaked in 10mM sodium citrate butter, pH

6, in a pressure cookerat 110C for 10 minutes (Biocare Medical). For ALI whole mount
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staining, membranes were removed from the inserts and fixed in 4% PFA for 10 minutes
at room temperature . Primary antibodies were anti-UHRF1 (Santa Cruz, se373750, 1:50),
anti-KRT5 (Covance, 1:1000), antKRT8 (DSHB, TROMA -I, 1:200), antiKi67 (Abcam,
ab15580, 1:1000), aPCNA (Santa Cruz, s¢7907, 1:50), MUC5AC (Lab Vision, MS145
P0O,1:200),and acetylated tubulin (Sigma-Aldrich ; T-7451, 1:1000). Alexa Fluoilabeled
secondary antibodies (Invitrogen) were used at a 1:400 dilution. All immunofluorescent
images were recorded by Zeiss 780 confocal upright fixed stage confocal microscope
with 20x/0.80 Dry Zeiss Plan-Apochromat objective or 63x/1.4 Qil Zeiss Plan-
Apochromat objective. The acquisitions were performed with Zen software (Carl Zeiss).
Subsequent images were rotated, cropped and contrast adjusted using the FiJiImageJ
software18s, A plugin called Cell Counter of FiJi imageJ was used to count DAPI or
UHRF1-positive cells. Cells with any immunoreactivity to the UHRF1 antibody were
considered to be UHRF1-positive. Imaris software (Bitplane) was used for 3D

reconstruction.

2.3.10 SA-b-gal assays

Senescencessociated-galactosidase SA-$-gal) assay was peformed as
previously described:€é. For the cytochemical assay, control or UHRFXknockdown HBE
cells or IMR9O0 cells were washed twice in PBS and then fixed using 2% formaldehyde
and 0.2% glutaraldehyde in PBS for 5minutes at room temperature . HBE or IMR90 cells

were subsequently stained with 40 mM citric acid/sodium phosphate buffer (pH 6.0),
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5mM potassium ferrocyanide (Sigma-Aldrich ), 5mM potassium ferracyanide (Sigma-
Aldrich ), 150 mM NacCl, 2 mM MgCl 2, and 1 mg/ml 5-Bromo-4-Chloro-3-( OE O @a O w ¢
Galactopyranoside (Thermo Fisher Scientific, B1690)dissolved in N,N -

Dimethylformamide (Sigma-Aldrich , D4551) typically for 8 hours to overnight at 37 °C.
Microscopic analyses were performed using an Olympus CK40 microscope with DP20
camera. More than three fields were counted for each group. Experiments were repeated
three times using HBE cells from three different donors. The total number of cells
transduced with the control (shNT) vector counted was 1105. The total number ofcells

transduced with shU_1 or shU_2 vector counted was 674 and 746, respectively.

2.3.11 DNA methylation analysis by bisulfite sequencing

Genomic DNA was extracted and purified with DNA Isolation kit (Qiagen)
accordingtoUT 1T wOEOUI EEVUU4Z Wl OWOWEREHD O @brE Uwl Ox 00al
bisulfite conversion using the MethylDetector Kit (Active Motif) according to the

OEOQUI EEUUUI z TheénAvertedDNE Was héh amplified by PCR using

instructi on. Bisulfite sequencing primers were designed using Methprimer online
software® w%OU P EUE w/ "GITTeGAOATUIG IGGGAAAAAG -+ z OwUIl YT UUIT w

/ " 1 wx UDOCTWAQAKCTTTAAACAAACTTCCCC -t ZTBel®CR products were

(Invitrogen , K4500032. Five clones were pickedfor sequencing.
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2.3.12 RNA-sequencing and gene ontology analysis

Total RNAs from control (shNT) and UHRF1 knockdown (shU_1 and shU_2)
groups were extracted by RNeasy Mini Kit (QIAGEN). Each experimental group had
three biological replicates. RNA -seq library preparation, sequencing and analysis were
done by Beijing Genomics Institute. In brief, for each sample, total mMRNA was enriched
by oligo (dT) binding magnetic beads EEEOUEDOT wUOOWOEOUhSEINEB,UUT Uz Uwb
S1419% cDNA was subsequently converted from the mRNA by reverse transcription.
Adaptor and barcode sequences were added to the cDNA, followed by PCR
amplification. The amplified products were sequenced using Illlumina HiSeq 2000
sequencer. The sguencing results were filtered by read length and aligned to the
reference transcriptome (Human GRCh38/hg38) E & w? E (b ahdthergene expression
was represented in Readsper kb per million reads (RPKM). Differentially e xpressed
genes were esimated by using NOlseq method 8% We used the criteria of a 1.5-fold
change and differential probability gr eater than 0.7 to filter for genes of interest®. By
combining genes uniformly changed in both UHRF1 knockdown groups (shU_1 and
shU_2), we found 89 downregulated genes and 84 up-regulated genes(Appendix D) .

The complete processed dataet can be provided upon request. Up-regulated or down -

regulated genes were subjected togene ontology analysis as previously described.
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2.3.13 Quantitative reverse transcription PCR (QRT-PCR)

RNA was isolated with RNeasy mini Kit (Qiagen) according to the

(Bio-Rad) using 500 ngtol #g of RNA. Gene transcripts were quantified by SYBR

Green-based quantitative PCR (gPCR) analysis and normalized tothe housekeeping

generibosomal protein lateral stalk subunit PO (RPLPQ) level®?t, Human UHRF1 forward

/"1 wx UD-OCAT6QABAGGCTGTTCTAC+ z OwUil YT UUT w/ " 1wxUPOI Uow
AGGAGCTGGATGGTGTCATT -+ gHdman MCM51 OUPEUEw/ " -wx UDOI U6 wk 7
GACATCCAGGTCATGCTCAA -+ z OQwUi YI UUT w/ " 1wxUDPOI Uod wk 7
AGGGATCTTCACCAGGTGTG -t gHman MCM6 | OUPEUE w/ " - wx UDOI Uo wk 7
TTGTCAGCTCCCATCATGTC -+ z OQwUIl YT UUT w/ " 1wxUDOI Uo wk 2
TCTACTATGCGCCTGGCAAT -+ #Héman MCM101 OUPEUE w/ " - wx UDOI Uo wk 7
CATTGCTCATCTGGGCATC-+ z OwU1 Yi UUT w/ " 1wxUDOI Uod wk 7
CGGTCAGCAGAGACAGATTG . Human GINS2i OUPEUE w/ " wx UDOI Uob wk 7
GCTGGCGATTAACCTGAAAC -+ z OwUIl YI UUT w/ " 1wxUPOI Uod wk z
TTCCTTTCGTTCATGATCCC-t Héman GINS4T OUPEUVUE wW/ " 2wx UDPOI Uod wk 7
CTGATGGGGGTAGTGAGGAA -+ z OwUIl Y1 UUT w/ " 1wxUDOI Uob wk 7
CAGGGGCAAACTTTTCATTC -+ #Himan TOPBP1i OUPEUEwW/ " 12 wx UPOI Uo wk z
GCCCTCGTTACACCTGGATA-+ z OwU1 Y1 UUT w/ " 1wxUDPOI Uob wk 7

GAGTTTCCAAGGCTGCAAGT - #Hdman RPLPOI OUPEUE W/ " -wx UDOI Uo wk 7
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2.3.14 Statistical analysis

Unless otherwise indicated, unpaired t tests were used for all statistical analyses.

Data are reported as mean + standard error of mean (SEM)

2.4 Results

2.4.1 UHRF1 is dynamically expressed during airway repair in vivo
and in 3D organoid culture

In the mouse airway, the presence of basal cells ignainly limited to the trachea
and the large bronchi2643 To investigate the role of UHRF1 in airway basal cells, we first
examined UHRF1 expression patternsin the uninjured trachea of mice. KRT5 is a
conventional marker to distinguish basal cells from other cell types 2 whereas KRT8
marks luminal cells in the tracheal epithelium 2760 At steady state, when basal cells were
guiescent, UHRF1 was barely detected (Figure 1B). We then used a SQ-induced mouse
airway injury model to accelerate cell turnover to study the role of UHRF1 during
airway repair. SO2-ind uced injury causes the death and sloughing of luminal cells from
the tracheal epithelium, but not basal cellsthat tightly adhere to the basal
membrane?74344 As illustrated in Figure 1A, in the airway repair process, basal cells
spread and proliferate to cover the denuded basal lamina and subsequently give rise to a
population of KRT8+ early progenitor cells. The progenitor cells further differentiate into

secretory cells or ciliated cells starting from day 5 after injury. It take s approximately
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two weeks for the injured trachea to recover to the initial state 414344 |n agreement with
the previous gene expression analysigt, we observed upregulation of UHRF1 in the
KRT5+basal cell layer (Figure 1B. Quantification revealed of approximately 80% KRT5+
cells expressed UHRF124 hours after SO:-induced injury (Figure 1C). 48 hourspost-
injury, when KRT5+ cells began to asymmetrically divide to generate KRT5 low or
KRT8+ early progenitor cells*2, UHRF1 was presentin both KRT5+ and KRT8+ cells.By
day 5 post-injury, the exp ression of UHRF1 was decreasedn basal cells (Figure 1B and
1C). Thus, UHRF1 expression increased during the proliferation phase of the airway

repair process, but not during the differentiation phaselater in the repair process.
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Figure 1. UHRF1 expression pattern at different time points during airway
injury.

(A) Schemaic representation of repair of the mouse tracheal epithelium by basal stem
cells after SQ injury. (B) Wild -type mice (n=12) were subjected to SQinjury and mouse
tracheas were collectedat steady state, 24 hours, 48 hours, and 5 days after SOnjury.
Tracheas from aforementioned mice were longitudinally sectioned and then stained

with antibodies to KRT5 (basal cell marker), KRT8 (differentiated luminal cell and early
progenitor cell marker) and UHRF1. Note that UHRF1 expression was undetectable at
steady state but was upregulated after injury at 24 and 48 hours (C) Percentage of
UHRF1+ cells in total KRT5+ cells at different time points was quantified and the mean +
SEM (bars)plotted . n=3 mice at each indicated time point.
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To test the correlation between UHRF1 expression and epithdial regeneration in
the human airway , we took advantage of human bronchial epithelial (HBE)
tracheosphere formation assay”43¢ HBE cellsare human airway basal cells that can
proliferate and differentiate into luminal daughters including both secretory and ciliated
cells?74150 |n this assay, HBE cells were isolated from healthy donors and were cultured
in Matrigel, under conditions in wh ich single cells can proliferate and grow into
tracheospheres composed of both basal cells and differatiated luminal cells (Figure 2A).
On day 7, visible spheres were already present in the culture, suggesting the rapid
proliferation of single HBE cells ( Figure 2B, row 1). From two weeks to one month,
tracheospheres increased in size, and the cellsithin the wall of each trache ospheres
started to differentiate and self-organize to create a stratified epithelium with the apical
surface of luminal cells pointing towards the lumen (Figure 2C, row 2 and row 3). Using
immunofluorescence staining, we monitored UHRF1 expression in different cell types of
individual trache ospheres from one week to a month. On day 7, spheres were mainly
composed of KRT5+ HBE cells(Figure 2C). Quantification revealed that approximately
30.3%o0f total cells were UHRF1+ (Figure 2D). On day 14, we were still able to observe
UHRF1+ cells, but to a much less extent(5.6%,Figure 2D). At day 30, spheres were
completely differentiated with acetyl-tubulin+ ciliated cells in the apical side (Figure 2C).

At this time, UHRF1 expression wasreduced to 1.5% of total cells (Figure 2D) consistent
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with the observed decreases in UHRF1 protein levels at later times in airway epithelial
repair (Figure 1B, C)

Taken together, these data indicated that in both an in vivo airway injury model
and an exvivo HBE tracheosphere formation assay, UHRF1 expression was dynamically
regulated in airway basal cells. UHRF1 was upregulated during the initial expansion
phase andthen gradually suppressedduring the differentiation phase.
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Figure 2. UHRFL1 expression in the 3D organoid culture.

(A) Schematic for the 3D organoid culture system. In brief, HBE cells were mixed with
fibroblasts in growth factor reduced Matrigel and ALI medium was applied in the lower
chamber. (B) Spheres were examined under the DIC microscopy. Representative
microscopic images of tracheosphere cultures at day 7, day 14 and day 28. Single basal
cells proliferated and self-renewed to form visible spheres within one week, and spheres
began to differentiate after two weeks. (C) Aforementioned spheres were collected,
sectioned and stained with indicated antibodies. An example of c onfocal images of
individual sphe res as ndicated times to show expression level of UHRF1, KRT5, KRTS.
Scale bars: 26:m. (D) The percentageof UHRF1+ cells in total cells in spheres at day 7,
day 14 and day 28was quantified based on three independent experiments using HBE
cells from three different donors and the mean + SEM (bars) plotted
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2.4.2 UHRF1 expression is tightly correlated with proliferation of
airway basal cells

In the aforementioned experimental settings, basal cells underwent a rapid
proliferation phase after airway injury, which was accompanied an 80% increase in
UHRFL1 expression. To understand whether a link exists between UHRF1 and
proliferation and self -renewal of airway basal cells, we examined Ki67 staining, a marker
for cell proliferation 192 in the SOz injury model. At 24 hours and 48 hours after injury,
when UHRFL1 is highly expr essed in airway basal cells(Figure 1B, C). Ki67 staining was
detected (Figure 3A) Quantification revealed that almost all Ki67+ cells were UHRF1+
(72.88 £ 7.83% Ki67+UHRF1+ in total cells at 2dours, 251 cells countedand 94.46 +
2.75% at 48hours, 271 ells counted, n=3 mice), indicative of a strong correlation
between UHRF1 and cell cycle events A proportion of Ki67 -UHRF1+ basal cels (14.67+
11.38% in total cells, n=3id present at 24 hours postinjury (Figure 3A, B). Similar
results were obtained in tracheosphere cultures with HBE cells: on day 7 and day 14
after plating , UHRF1-expressing cells actively incorporated EdU , a thymidine analog
(Figure 4, row 1 and row 2). On day 30, both EdU incorporation and UHRF1
immunoreactivity w asundetectable (Figure 4, row 3). These results are consistent with
our previous finding that in the later stages of tracheaospheres culture , most cells exited
proliferation phase to undergo differentiation (Figure 2 C). Together, these data suggest

that UHRF1 upregulation c losely correlates with proliferation of airway basal cells.
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Figure 3. UHRF1 expression is tightly correlated with cell proliferation during
airway epithelium repair.

(A) Wild -type mice (n=9) were subjected to SQ injury and mous e tracheas were
collected at steady state, 24 hoursand 48 hours. Mouse tracheas were sectioned and
stained with Ki67 and UHRF1 antibodies. A representative confocal images of sections
of mouse trached epithelium collected at steady state, 24 hours, and48 hours after SG
injury. . (B) The percentage of Ki6 #UHRF1*, Ki6 7*UHRF1-, Ki67-UHRF1*, Ki67UHRF1-
in total cells was quantified from tracheal sections of three mice at each time point and
plotted as mean + SEM (bars)
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Figure 4. UHRF1 expression is tightly correlated with cell proliferation in 3D
organoid culture.

(A) Spheres were incubated with EdU for 5 hours before collecting at indicated time
points. Collected sphereswere then sectioned and immune-stained with UHRF1
antibody and the EdU click -it imaging kit. An example of confocal images of individual
spheres collected at indicatedtimesUHRF1 was expressed in all detectable EdU positive
cells. Scale bar: 2&m. (B) The percentages of UHRF1*EdU*, UHRF1*EdU-, UHRF1-EdU*,
UHRFIEdU- in total cells in sphereswere quantified based on three independent
experiments and plotted as mean + SEM (bars)



2.4.3 Loss of UHRF1 impairs airway repair by inhibiting basal cell
proliferation

We next interrogated the function of UHRF1 in regul ating proliferation and
regeneration of HBE cells. Early passage HBE cells were transducedwith two shRNAs
(shU_1 and shU_2)targeting UHRFL1. Partial reduction in UHRF1 protein levels was
detected by Western Blot analysis (Figure 5A), with other representative images shown
in Figure 9A. The cells were subsequently seeded in the Matrigel for tracheosphere
formation. On day 7, spheres could be seen in the control group (shNT), while UHRF1-
knockdown groups (shU_1 and shU_2)contained fewer spheres (Figure 5B).
Quantification revealed a 5-fold decrease in the colony forming efficiency (CFE) of cells
lacking UHRF1 compared to the controls (CFE=9.51+1.60% for wild type cells,
1.76+0.49% for shU_1 cells, 1.3D.20% for shU_2 cells; p<0.01a total of 1711 spheres
counted in control gr oups, 316 spheres counted inshU_1 groups, and 236 spheres
counted in shU_2 groups; Figure 5C). The reduction of sphere formation was attributed ,
at least in part, to a reduction in proliferation, ascultured HBE cells treated with
shRNAs against UHRF1 (shU_1 and shU_2)exhibited a 3-fold reduction in EdU

incorporation (Figure 5D).
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Figure 5. UHRF1 is required for the proliferation of basal cells in the organoid
culture.

(A) HBE cells were transduced with a scrambled shRNA or shRNAs (shU_1 and shU_2)
against UHRF1. 6 days after virus transduction, cell lysates were collected from HBE
cells treated with a scrambled shRNA or shRNAs (shU_1 and shU_2) Protein lysates
were loaded on SDSPAGE gels andthen immunoblo tted with indicated antibodies. ¢-
actin serves as a loading control.(B) HBE cells were transduced with a scrambled
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ShRNA or shRNAs (shU_1 and shU_2) againstUHRF1. 1 day after puromycin

withdrawal, control or UHRF1 -knockdown HBE cells were mixed with fibroblasts and
plated into Matrigel . Sphere formation in each group was examined 7 days after
seeding. Representative microscopic images of tracheosphere cultureof three technical
replicates from control (shNT) or UHRF1 -knockdown (shU_1 and shU_2) HBE cells. (C)
Values for the colony formation efficiency are the mean + SEMof experiments using

cells from three donors. **, p<0.01 (D) Cell proliferation was measured by EdU
incorporation in shNT or shU_1 and shU_ZHBE cells in culture 6 days after virus
transduction. Cells were incubated with vy w4 , w$ E 4 wibéiaveucbllactiod. TheU w
percentage of EdU incorporated cells isreported as mean + SEM. **, p<0.01, p value was
calculated based onfour independent experiments.

Since a previous report demonstrated that UHRF1 controls the self-renewal and
differentiation of hematopoietic stem cells through epigenetic regulation 8, we examined
if UHRF1 loss in HBE cells drove premature differentiation by the air -liquid interface
(ALI) culture, a well -established differenti ation assay for basal cell$*. We observed
upregulation of two differentiation markers, acetyl-tubulin for ciliated cells and
MUCS5AC for goblet cells, in ALI culture one month after seeding, indicating successful
differentiation 4344(Figure 6, right columns). HBE cells that were treated with either the
scrambled control (shNT) or shRNAs against UHRF1(shU_1 and shU_2)were analyzed
for expression of thesetwo differen tiation markers at early times. Very few cells from
control or UHRF1-knockdown HBE cells groups (4.21% MuC5AC+ cells for shNT,2.32%
MuC5AC+ cells for shU_1, and none of cells in the shU_2 group expressing MuC5AC)
expressed differentiation markers two week s after seeding (Figure 6A, B).

One caveat of interpreting thesedata is that due to proliferation defect, UHRFL1 -

knockdown basal cells may not be able to form a confluent monolayerlike control basal
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cells. As cell confluency is required to promote basal cell differentiation in ALI cultures
the failure to see differentiation of UHRF1 -knockdown cells could simply be because the
cells never reached confluency. To address this caveat,we would need to usea
Tetracycline-inducible system to knockdown UHRF1 exp ression when basal cells
become confluent. If we still cannot detect upregulation of differentiation -related genes
even in the presence of a confluent monolayer, we can conclude that knocking down

UHRF1 does not affect basal cell differentiation.
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Figure 6. UHRF1 knockdown in HBE cells does not affect cell differentiation

(A) Early passage HBE cells were transduced with a vectorencoding a control ShRNA
(shNT) or shRNAs targeting UHRF1. One day after selection, equal numbers of
aforementioned cell lines were seeded in transwell inserts. Representative confocal
whole mount images of ALI cultures from the three cell lines two weeks after plating .
Muc5Ac marks goblet cells, and Acetyl-tublin marks ciliated cells. Positive controls we re
collected from the same batch of unmanipulated HBE cells one month after plating. (B)
Quantification of percentages of Muc5Ac-positive cells from the aforementioned three
cell lines from three separate experiments. n.d.: nondetectable. Scale bar: 20 um
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HBE cells transduced with shRNAs against UHRF1 did not affect cell viability , as
indicated by Annex in V and PI staining (Figure 7A). Treating UHRF1-deficient HBE cells
with a pan -caspase inhibitor (Z-VAD -FMK) also had no effect on sphere formation,
suggesting that apoptotic death did not contribute to the lack of sphere formation in
HBE cells (Figure 7B-C). Together, these results indicate that UHRF1 is essential for

tracheosphere formation by virtue of its requirement for basal cell prolifer ation.
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Figure 7. Loss of UHRF1 in HBE cells does not affect cell death.

(A) HBE cells were transduced with a vector expressing a nontargeting shRNA (shNT)
or shRNAs (shU_1 and shU_2)targeting UHRF1. 6 days after virus transduction, control
cells or UHRF1-knockdown cells (shU_1 and shU_2) were collected and analyzed for cell
death by the Annexin V and PI staining. The percentage of live cells (Annexin V- PI-)
was quantified based on three independent experiments and plotted as meant SEM No
statistical significance in the percentages of Annexin V-PI cells was found between
groups. (B) HBE cells treated with a scrambled shRNA control (shNT) or HBE cells
treated with shRNAs against UHRF1 (shU_1 and shU_2)were treated with 105M pan-
caspase inhibitor Z-VAD -FMK during the tracheaosphere formation assay and
tracheaosphere formation was monitored for 7 days. Representative DIC microscopy
images of spheres at day 7 from BCs(C) Relative colony formation efficiency was
calculated based on three independent experiments and plotted as meart SEM(bars).
For each experimental group, colony formation efficiency was normalized to the shNT
group treated with DMSO. The statistical analysis was determined by the two -way
ANOVA followed by Bonf erroni post-tests. Treatment did not rescue the sphere
formation defect (n.s.).
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To rigorously test whether UHRF1 is necessary for basal cell expansionduring
airway repair in vivo, we utilized a mouse modelwhereby Uhrfl can bespecifically
deleted in mou se airway basal cells.Uhrf1%" mice> were crossed toKrt5-CreERmice!840
generate conditional Uhrfl deficiency in KRT5+ basal cells upon tamoxifen induction
(Unhrflif, K5-CreER. We intraperitoneally injected mice with tamoxifen four times to
promote Uhrfl deletion, and one week after the final dose of tamoxifen, mice were
exposed to SOz to ind uce airway injury (Figure 8A ). We analyzed the airway epithelium
at 24 hours postinjury , when UHRF1 expression was significantly elevated (Figure 1B).
We first stained sections with KRT5 antibody, and all cells were KRT5+ (Figure 8B). In
the control group (K5-CreER, UHRF1 was upregulated concomitantly with the
proliferation marker Ki67 (Figure 8C, row 1). In contrast, deleting Uhrfl resulted in a
~60%eduction of Ki67+UHRF1+ cells (69.01+0.56% for wild type vs. 11.28+1.52% for
knockout; p<0.01) as well as an~45%increase of the proportion of Ki67-UHRF1- cells
(17.20+8.64% for wild type vs. 64.74+5.24% forkockout; p<0.01, Figure 8D). We still saw
some UHRF1 immunostaining in Uhrfl-deficient group (35.3%, Figure 8D) suggesting
incomplete Cre-mediated excision, as reported by others®. We also found a ~10%
increase inthe proportion of UHRF1+Ki67 - cells in the Uhrfl; K5-CreERmice, but these
UH RF1+ cells had comparatively lower UHRF1 immunofluorescence signals possibly

due to single allele deletion of Uhrfl (Figure 8D). Taken together, these data suggest that
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proliferation is impaired in basal cells lacking UHRF1during repair of the epithelium

after SOz injury .
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Figure 8. UHRF1 is required for the proliferation of basal cells in airway
epithelium repair .

(A) Schematic of lossof-function (Uhrf1#i; K5-CreER model. K5-CreERmice and Uhrf1/;
K5-CreERmice were i.p. injected with four doses of Tmx. One week after the last
injection, mice were exposed to SQ, and tracheas were harvested at 24hr after injury. (B)
Representative confocal imagesof tracheal sectionsstained with UHRF1 and KRT5
antibodies in control ( K5-CreERT) and loss-of-function ( Uhrf1%%; K5-CreER mice. Cells in
the epithelium were all KRT5+, indicating the success of the injury. C. Representative
confocal images of tracheasfrom control (K5-CreERT) and loss-of-function (Uhrf1%f; K5
CreER mice stained for UHRF1 and Ki67. The percentage of UHRF1+Ki67+ cellsvas
significantly decreased in Uhrf1%1; K5-CreERTmice. D. The percentages of
Ki67+UHRF1+, Ki6-UHRF1-, and Ki67-UHRF1+ cells were quantified and plotted as
mean + SEM. *, p<0.01 three mice per group. Scale bar: 20-m.
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2.4.4 Loss of UHRF1 induces cell cycle arrest and a senescence
phenotype in HBE cells and IMR90 cells.

To dissect the mechanism underlying the role of UHRF1 in regulating basal cell
proliferation, we focused on the tumor suppressor p53 -p21 pathway and the p15/p16
pathway , two pathways known to induce cell cycle arresti?3.194 p21 can inhibit cell cycle
progression by binding to a broad range of cyclin dependent kinase (CDK)-cyclin
complexes and inhibiting their activities, whereas p15and p16 bind to CDK4/6 and
prevent complexing with cyclin D, thereby inhibit ing the G1/S transition!%519% Cdknla
has also been shown to be abona fidgarget of UHRF1: in murine colonic regulatory T
cells, UHRF1 directly repressed Cdknlatranscription by DNA methylation in its distal
promoter region 5. Therefore, we first measured the protein levels by immunoblotting of
p53 and the downstream target p21 in UHRF1-knockdown HBE cells from three healthy
donors. Despite the significant reduction of UHRFL1 in knockdown groups, upregulation
of p53 and p21 was variable among the three batcheqFigure 9A, B, O. However, we did
observe consistent upregulation of p15, but not p16, in UHRF1-knockdown cells (Figure
9A, D, BE). Quantification revealed p15 levels increased 2 to 5 folds in UHRF1-
knockdown cells (Figure 9D). These datasuggested that p15 is the potential downstream

effector molecule to induce the prolifer ation defect.
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Figure 9. Loss of UHRF1 in HBE cells induces p15 expression.

(A) Immunoblot results of HBE cells transduced with a vector encoding the control non-

targeting shRNA (shNT) or shRNAs (shU_1 and shU_2)targeting UHRF1. 6 days after

virus transduction, Cell lysates were collected from control (ShNT) or UHRFL1 -

knockdown (shU_1 and shU_2) HBE cells from three different donors . Protein lysates

were loadedon SDS/ & $wi | OUWEOGE wWUT 1 OwbOOUDBOEOOUUTI EwbbUI
actin serves as a loading control. (B)-(E) The relative levelsp53, p21, p15, and p16 were

guantified from three independent experiments and plotted as mean + SEM. *, p<0.05

paired t test.
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Given the fact that cell cycle arrest and up-regulation of cyclin-dependent kinase
inhibitors are characteristics of cellular senescencé?3.194197 we performed senescence
E U U O E bdalictogidase activity (SA-¢-gal) assay to test whether cellular senescence
was present in UHRF1 knockdown cells. Wefound that SA-$-gal activity was elevated
more than 2-fold in UHRF1-knockdown cells (Figure 10A-B). We also observeda similar
phenotype in human diploid fibroblasts IMR9O0 cells, a commonly used primary cell to
study cellular senescencé®3198.199(Figure 11). Interestingly, we found that knockdown of
UHRFL1 in IM R90 cells induced upregulation of p53 and three cyclin-dependent kinase
inhibitors p21, p15 and p16, indicating the response to UHRFL1 loss varies indiffe rent
cell types (Figure 11D). Also, our finding is in agreementwith a recent publication
indicating t hat UHRF1 suppresses cellular senescence in IMR90 celt¥. Although
UHRFL1 has been previously reported to regulate the methylation status of th e Cdknla
distal promoter in murine colonic Treg cells®, combinatorial knockdown of UHRF1 and
p53 abolished the induction of p21 (Figure 11), indicating that p21 upregulation

primarily depends on p53 but may not be regulated by UHRF1 in IMR90 cells.
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Figure 10. Loss of UHRF1 in HBE cells leads to a senescent phenotype

(A) Representative SA-¢ 1 E O w U of BBEG&ISstahly transduced with a vector
encoding the control non-targeting shRNA (shNT) or two separate shRNAs (shU_1 and
shU_2)targeting UHRF1. The images were taken 6 days after virus transduction. B.
Quantification of SA-¢ 1 pditive cells into the three aforementioned cell lines from
three independent experiments. Data are reported as mean £ SEM™*, p<0.01; *, p<0.05
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Figure 11. UHRF1 deficiency in IMR9O0 cells results in cellular senescence.

SAB-gal+ (%)

N
(=]
1

o

shNT shU_1 shu_2

(A) The percentagesof EdU incorporation of IMR90 cells stably transduced with a vector
encoding the control non-targeting shRNA (shNT) or two separate shRNAs (shU_1 and
shU_2) targeting UHRF1. Cell lines were incubated with 10 4M EdU for 2 hours before
collection.(B) Representative images ofSA-¢ 1 E O wU U Bferérerdionedhireaicell
lines 6 days after virus transduction . (C) The percentages ofSA-¢ 1 Pd3itive cells were
guantified from three independent experiments and plot ted asmean + SEM (D)-(E)
Whole cell lysates from control, UHRF1-knockdown, or UHRF1 and p53 co-knockdown
IMR9O cells were collected, subjected to SDS gel electrophoresistransferred to the
membrane and subsequently stained with the indicated antibodies. Cells were collected
6 days after virus transduction. Note that p21 expression in UHRF1-deficient cells
correlates with p53 induction. **, p<0.01; *, p<0.05
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2.4.5 The cell cycle arrest and senescent phenotype of UHRF1
knockdown cells partially depends on the p15 pathway

To further explore the downstream pathways mediating the cell cycle arrest and
senescent phenotype in UHRF1 deficient HBE cells, we knocked down p15 by shRNA as
confirmed by immunoblot (Figure 12A) to determine if the phenotype could be re versed.
Importantly, we found that knockdown of p15was associated with a 1.5fold increasein
EdU-positive cells (Figure 12B, C),as well asa two -fold decreaseof SA-$-gal activity
(Figure 12D, E). This supports the hypothesis that the p15 pathway partially mediates the
proliferation defect in UHRF1-deficient HBE cells. Given that UHRF1 is an epigenetic
regulator that modulate s gene expression through DNA methylatio n35, we tested
whether UHRF1 knockdown decreases DNA methylation of the CDKN2B promoter using
bisulfite sequencing. Bisulfite treatment converts unmethylated cytosine to uracil but
does not react with methylated cytosine2®, Upon subsequent PCR amplification, uracil is
amplified as thymidine while methylated cytosines remain unchanged, allowing
unmethylated cytosine to be distinguished from methylated cytosine (Figure 13A). There
are two CpG islands in the promoter region of CDKN2B, asillustrated in Figure 13B. We
speculate that CpG island 1 may be the major regulatory element, asthis region contains
high levels of active histone mark H3K27Ac, binds transcription factors , and is more
susceptible to DNase | treatment (Figure 13B). We isolated genomic DNA from control
and UHRF1-knockdown HBE cells, converted the DNA samples with bisulfite reagents ,

and after which the product s were cloned for sequencing. Consistent with the presence of
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the active histone mark H3K27Ac, CpG island 1 was hypomethylated, with an average of
34.1% total methylation rate for the 28 individual CpG sites in control HBE cells from
three donors (Figure 13C). The total methylation rate in UHRF1-knockdown HBE cells
was 30.6%,a minor reduction that was not statistically significant. We also analyzed the
methylation status in the CpG island 2 and failed to detect any significant changes,

suggesting p15 upregulation may not be mediated by DNA methylation changes

A B §
200 250 | hU1
shp15 shNT EdU+ 21.2% shU_1 EdU+ 11.8% S EdU+ 17.5%
shNT shU_1 shU_1 | A PR 1| *7shp15 ———
UHRF1— - 280, \ 150 -
15 Do ] |
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Figure 12 The proliferation defect and senescent phenotype of UHRF1 -
deficient HBE cells partially relies on the p15/INK4B pathway

(A) Immunoblot analysis of UHRF1, p15 and as a loading control, ¢-actin, in HBE cells
stably transduced with a vect or encoding a control (shNT), shRNAs against UHRF1
(shU_1) or shRNA against UHRF1 and p15 (shp15 + shU_1). Cell lysates were collected
from above cell lines 6 days after virus transduction. (B) Representativeflow cytometric
analysis of EdU incorporation pe rcentages in the aforementioned three cell lines.(C)
Quantification of percentages of EdU+ cellsfrom the aforementioned cell lines from
three independent experiments. Data are reported as mean + SEM(D) Representative
SA-p T E OwU U lhedoredéntiofed toree cell lines. (E) Quantification of percentages
of SA-p 1 Fpd3itive in the aforementioned three cell lines from three separate
experiments. Data are reported as mean = SEM
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Figure 13. The methylation status of the CpG island 1 in the CDKN2B
promoter in control and UHRF1 -knockdown HBE cells .

(A) Schematic representation of the bisulfite sequencing method. (B) lllustration of the

two CpG islands in the CDKN2B gene promoter. The image is adgted from the UCSC

genome browser. (C) Bisulfite sequencing of the CpG island 1 in the promoter region of

CDKNZ2B in HBE cells stably transduced with a vector encoding a control shRNA (shNT)

or a shRNA targeting UHRF1 (shU_1) from three separate experiments. For each group,

5 clones were sequenced, and each row indicates the result of each individual clone28

CpG sitesin the CpG island 1 were analyzed. Filled circles represent methylated

cytosine, whereas unfilled circles represent unmethylated cytosine. Statistical

UbT OPiI PEEOET whbEUWEIT Ul UOHmEY dh thE reaultd Bf thieéseéparateul R E E U w
experiments.

2.4.6 UHRF1 is required for the completion of the first cell cycle in
synchronized cells

Sinceknocking down pl15 only partially rescued the proliferation phenotype of
UHRF1-knockdown cells, we sought to determine whether additional pathways
mediated the role of URHF1 in cell cycle progression. Based on prior studies regarding
the function of UHRF1 in regulation of DNA methylation 235 we propose two
hypothesesto explain the cell cycle arrest phenotype: 1) UHRFL1 is required for G1/S
phase transition and promote s DNA replication in the first cell cycle; therefore, UHRF1-
knockdown cells should not enter Sphase.2) UHRF1 is dispensable for G1/S phase
transition as well as DNA replication , whereas cellspassively lose DNA methylation
after division, which could induce epigenomic stressesand halt cell cycle
progression201.202 Both possibilities have not yet been systematically tested in prior

studies.
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Given that airway basal cells are quiescentat steady statein vivo?, this system
representsa suitable model for us to test both possibilities. To further explore whether
basal cells enter the first cell cycle2dthoursafter airway injurywe examined UHRF1
and Ki67 expression at 0, 12 andl8 hours after injury . We found that some basal cells
(64.7% UHRF1+ in total cells, Figure 14A, B)tarted to express UHRF1 but not the
proliferation marker Ki67 (52.7% UHRF1+Ki67 in total cells, 12.0% UHRF1+Ki67+ in
total cells, Figure 14A, B)at 18 hours after injury, indicating that basal cells had exited
the quiescent state and progressed to the G1 phaséFigure 14A-B). Since there was still a
small proportion of UHRF1+Ki67 - basal cells(14.67% in total cells)at 24 hours (Figure
3A-B), these data suggest that the majority of basal cells undergo their first cellcycle at
24 hours after injury. As shown in Figure 8, in contrast to control cells, basal cells in
Uhrfl; K5-CreERmice exhibited 57.7% reduction in Ki67 immunoreactivi ty (69.0%
Ki67+ in total cells in K5-CreERmice versus 11.3% Ki67+ in total cells inUhrf1ff: K5-
CreERmice, Figure 8C, D). We further examined the cytosine methylation status of basal
cells by immunostaining epithelial sections from K5-CreERand Uhrf1#; K5-CreERmice
with antibody to methylated cytosine and did not observe any difference (mean
fluorescence intensity of 54.59 forK5-CreERmice versus 54.68 forUhrf1f; K5-CreER
mice, Figure 15A-B). These results argue thatUhrfl1-null basal cells do not proliferate and
thus did not los e global DNA methylation passively. Collectively, these data support the

notion that UHRF1 activity is a prerequisite for basal cells to initiate cell replication , and
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is critical for the completion of the first cell c ycle, by a mechanism independent from its

role in regulating DNA methylation

B 2 UHRF1-Ki67-
= B UHRF1+Ki67-
A @R UHRF1+Ki67+
£ O UHRF1-Ki67+
&
g
L
Figure 14. UHRF1 expression at early time points after SO 2-induced airway
injury.

(A) Wild -type mice (n=9) were subjected to SQinjury and mouse trach eas were
collected at steady state,12 hours, and 18 hours after SCzinjury. Tracheas from these
mice were longitudinally sectioned and then stained with UHRF1 and Ki67 antibodies.
An example of confocal images of mouse tracheasstained with aforementioned
antibodies at different time points. (B). The percentages of UHRF1+Ki67+, UHRF1+Ki67,
UHRF1-Ki67+, and UHRF1-Ki67- in total cells were guantified from three mice at each
time point and plotted as mean + SEM Scale bar: 20um
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Figure 15. Uhrf1-null BCs do not lose global DNA methylation  24hrs post
injury .

(A) Control (K5-CreER mice or conditional knockout ( Uhrfl1#; K5-CreER mice were
injected with four doses of Tamoxifen and were subjected to SQ injury one week after
the last dose of tamoxifen. Tracheas were collected 24 lours post injury. Tracheal
sections were stained with the antibody recognizing 5-methlylated cytosine (5-MeC). An
example of confocal images of tracheal sections fromK5-CreERmice or Uhrf1ff; K5-
CreERstained with 5-MeC (B) Quantification of fluorescence intensity of 5-MeC
immunostaining from three mice in each group using Image J software.

To further validate the in vivo data, we examined the kinetics of the cell cycle
arrest following UHRF1 downregulati on in synchronized IMR90 cells in vitro. We used
IMR9O cells, as they can be synchronized conveniently to G1 phase by serum
deprivation 203204 The cells were then released from the serum withdrawal -induced
resting and allowed to re-enter the cell cycle by supplying serum. EdU incorporation
and DNA content were measured at different times after releaseby flow cytometry

(Figure 16A). To determine when synchronized IMR90 cells entered the first cell cycle,
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we tracked the time course of EdU-positive cells post serum release and found that the
percentage of EdU-positive cells peaked at 24 hours (7.2% at O hour, 7.6% at 6 hours,
15.6% at 12 hours, and 28.9% at 24 hours, Figure 16B)espite the absence of changesn
DNA m ethylation as shownin Figure 17A, we could still see a2-fold reduction of
proliferation at 24 hours concomitantly with a 17.8% increase in theroportion of cells in
the G1 phasein UHRF1-knockdown IMR90 cells, implying a decoupling of cell cycle
progression and DNA methylation (Figure 16C). We observed a more pronounced cell
cycle arrest phenotype at 48hours, potentially due to higher UHRF1 knockdo wn

efficiency compared to 24 hours (Figure 18).
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Figure 16. UHRF1 is required for the completion of the first cell cycle.

(A) Hlustration of the experimental procedure. IMR90 cells were transduced with a
vector encoding a control sShRNA (shNT) or a shRNA (shU_1) targeting UHRF1and then
synchronized in G1 phase by culturing in 0.5% serum. Cells were then released by
addition of serum. Samples were collected at the indicated time points. (B) The
percentages of EdU-positive IMR90 cells at different times after release from low serum
were determined from two separate experiments. (C) Cell cycle profile was determined
by Pl and EdU double staining of the aforementioned two cell lines at the indicated
times after release from low serum. A representative result of cell cycle profile from one
experiment is shown here. (D) Quantification of cell cycle profiling of aforementioned
two cell lines from three separate experiments. Data are reported as mean £ SEM¥,
p<0.05.
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Figure 17. Synchronized UHRF1 deficient IMR9O0 cells do not loss global DNA
methylation at 24hrs after s erum release.

(A) IMR9O0 cells were transduced with a vector encoding a control sShRNA (shNT) or a
shRNA (shU_1) targeting UHRF1 and then synchronized in G1 phase by culturing in
0.5% serum. Cells were then released by addition of serun. Samples were colleced at 24
hours after release, stained with the 5MeC antibody, and analyzed by flow cytometry.
IgG isotype staining serves as a negative control for staining. An example of the 5MeC
staining result of aforementioned two cell lines from one experiment is shown here. The

——= 5-mC

experiments were repeated three times.(B) The 5MeC fluorescence ofIMR90 cells

treated with 1 4M DNA methyltransferase inhibitor 5-Azaor 1. Ow# , Zar 48 hours.
This experiment was performed once asa positive control to show the reliability of the

5-MeC antibody staining .
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Figure 18 UHRF1 knockdown efficiency is higher in 48hrs than 24hrs after
serum release.

%,

(A) IMR9O0 cells were transduced with a vector encoding a control sShRNA (shNT) or a
shRNA (shU_1) targeting UHRF1 and then synchronized in G1 phase by culturing in
0.5% serum. Cells were then released by addition of serum.ShU_1 IMR90 cellswere
collected at 24and 48 hours after release, stained with the UHRF1 antibody, and
analyzed by flow cytometry. A representative result of UHRF1 fluorescence of IMR90
cells at 24 and 48 hours from one experiment is shown here(B) Quantification of UHRF1
expression of aforementioned shU_1 IMR90 cellsby mean fluorescence intensity (MFI)
from three separate experiments. Paired-t test was used to calculate p value. *, p<0.05

Since DNA damage responses cantrigger cell cycle delays at the G1/S transition
and the p53 level was upregulated in UHRF1-deficient IMR90 cells (Figure 11D), we
evaluated whether knockdown of UHRF1 activates a DNA damage response. As a
positive control, w e treated IMR90 cells with 10mM hydrouracil (HU), a chemical
inhibitor of r ibonucleotide reductase?®s, for 6 hours and 24 hoursto induce single-
stranded DNA (ssDNA) breaks and double-stranded DNA (dsDNA) breaks 25,

respectively. The histone variant H2AX is phosphorylated at both ssDNA and dsDNA
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breaks,andthus UT T wx T OUx T OUa OE B & riaukér tdtJobBgaiog DNA damage
responsege, For ssDNA breaks, we also detected p-Chkl as a surrogate for

phosphorylated ATR , since ATR activation phosphorylates Chk1 to initiate downstream
events??, We collected samples from control or UHRF1-knockdown IMR90 cells at 24

hours after serum releasewhen there was a clear proliferative defect (Figure 16C).

Although we observed a 6-fold increaseinthe O1 Y1 OU wO i weiredted @lisr@w' 4
hours and a 50fold increase in the levels of w ' | R wBi@ated dells for 24 hours, we

did not see induction of either marker in the untreated or UHRF1 -knockdown cells

(Figure 19). Based on these resultswe concluded that UHRF1 knockdown of UHRF1

does not induce adetectable DNA damage response.
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Figure 19. UHRF1 knockdown in IMR90 cells does not induce DNA damage
responses.

IMR9O0 cells were transduced with a vector encoding a control ShRNA (shNT) or a
shRNA (shU_1) targeting UHRF1 and then synchronized in G1 phase by culturing in
0.5% serum. Cells were then releaed by addition of serum. Cell lysates were collected
from aforementioned two cell lines 24 hours after releaseor HU -treated IMR90 cells.
These cell lysates were then subjected to SDS gel electrophoresis, transferred to a
polyvinylidene difluoride  membrane andimmunoblotted with the indicated antibodies.
Samplescollected from three independent experiments were loaded onto the same SDS
gel.

2.4.7 UHRF1 is required for DNA replication machinery formation

Our results show that UHRF1 is critical to initiate D NA replication during the
first cell cycle. DNA replication factories are large protein complexes that can be
visualized by the punctate immunostaining pattern of the DNA clamp proliferating cell
nuclear antigen (PCNA )208.209 Previous studies have suggestedthat the presence of

UHRF1 in the replication machinery with PCNA 2219 put the impact of UHRF1 on the
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formation of a DNA replication complex to initiate DNA replication d uring the first cell
cycle is not well understood, especially in primary cells. To determine whether the
observed G1 arrest was a result ofthe inability of cells to assemblethe replication
machinery in the absence of UHRF1,we performed immunohistochemic al staining of
the mouse airway periodically after SOz injury using antibodies specifically recognizing
UHRF1 or PCNA. Uninjured trachea had no detectable expression of either protein since
basal cells are normally quiescent(Figure 20). In both control and Uhrfl-knockout mice,
24 hours after injury when most basal cells have begunto proliferate (Figure 3A, B), we
saw increased PCNA immuno staining in the nucleus compared to cells in steady state
(Figure 21). Based on prior studies?08209 cells in early or late S phase are readily
differentiated by the pattern of PCNA immunostaining throughout the nucleus. Basal
cells in early S phase exhibited hundreds of smaller PCNA foci, ranging from 0.24m to
0.54m in diameter throughout most of the nucleus (Figure 21, white arrows). During
mid S phase of replication, foci were concentrated around the nuclear periphery but not
confined to the pericentric heterochromatin that wasU1 EED Oa wY b WddghtOD a1 E wE U wl
# | (2> wOU E QRigtrera, lyeiiduv@ricbw heads). We considered these mid-S phase
cellsto be in the early S phase category when counting. In late S phase, PCNA
immunostaining was observed in a few large foci limited to the pericentric
heterochromatin (Figure 21, yellow arrows). The diameter of puncta was usually more

than 15m. ThesePCNA+ cells that showed diffuse immunoreactivity were in either G1
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or G2 phase(Figure 21, white arrows ). In late S phasebasal cells,UHRF1 and PCNA
immunostaining was found to co -localize 100% of the time We speculate hat at this
stage, UHRF1 work s coordinately with PCNA to replicate heterochromatin regions , as
predicted if there is an essential role of UHRF1 in heterochromatin formation 2. However,
in early S phase cells, UHRFlimmuno staining was more diffuse, suggesting of
alternative roles besides participating in DNA replication. The effect of depleting Uhrfl
in basal cells is shown in Figure 21. Deleting Uhrfl resulted in reduction in the
proportion of cells in the early S phase 38.96+ 3.9%% for wild -type; 15.92+ 3.5%% for
knockout; p<0.05, n=3 micg¢ and late S phase 14.88+ 3.19% for wild-type; 0.37+ 0.37%;
p<0.05) None of Uhrfl-null cells had bright PCNA foci, confirming the necessity of
UHRFL1 to promote the formation of DNA replication fact ories to activate DNA
replication in response to tracheal injury. We also observed the same phenotype in HBE
cells in vitro ( Figure 21C-D). Specifically, UHRF1-knockdown HBE cells had a 10.1%
reduction in punctate PCNA staining (25.6% for shNT HBE cells, 15.5% for shU_1 HBE
cells, Figure 21D).In UHRF1-knockdown HBE cells, only cells with incomplete UHRF1
knockdown had punctate PCNA immunoreactivity. The formation of DNA replication
factories is a multi-step process involving the licensing of replication or igins, assembling
of a pre-initiation complex (pre -IC), and activation of pre -ICs to form functional
replisomes?'t. Our data does not allow us to determine which of these steps are directly

impacted by UHRF1 loss. Using a chromatin fractionation assay, we collected whole cell
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lysates or chromatin -bound fractions from shNT or shU_1 IMR90 cellsat 0, 12 or 18
hours after release from low serum to determine the loading of several DNA -licensing
related proteins22 Although a 70% reduction in the level of UHRF1 expression was
observed in UHRF1-knockdown IMR9O0 cells, the loading of ORC2, MCM3 and MCM5 to
chromatin was unaffected (Figure 22). These data suggest that UHRF1 knockdownis
unlikely to regulate replication orig in licensing in synchronized IMR9O0 cells (Figure 22).
Therefore, how UHRF1 modulates the assembly of DNA replication factories warrants

further investigation.

K5-CreER Uhrf1":K5-CreER

Figure 20. PCNA expression in the uninjured airway epithelium.

Tracheas were collected from control (K5-CreER or conditional knockout ( Uhrf1f: K5-
CreER mice one week after the last does of Tamoxifen. Tracheal sections were stained
with PCNA antibody.
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Figure 21. Loss of UHRF1 prevents the form ation of DNA replication factories
in BCs.

(A) Representative projects from confocal z-stack images of the tracheal epithelium from
control (K5-CreER mice or conditional knockout ( Uhrf1ff; K5-CreER mice 24 hours after
SOz injury , stained with the indi cated antibodies. White arrowheads indicate cells
without punctate PCNA staining patterns. White arrows indicate cells in early S phase.
Yellow arrowheads indicate cells in middle S phase. Yellow arrows indicate cells in late
S phase.(B) Quantification of percentage of cells in different cell cycle stagesfrom three
mice in each group. Middle S phase cells wereincluded in the early S phasecategory. A
total of 456 cells was counted.(C) Representative confocal images of control and UHRF1
knockdown cells co-stained with the indicated antibodies. Cells were collected three
days after virus transduction when UHRF1 expression began to decrease.Quantification
of percentage of cells with punctate PCNA staining from two separate experiments.

Whole Cell Lysate Chromatin-enriched fraction

shNT shUHRF1_1 shNT shUHRF1_1
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Figure 22. Knockdown of UHRF1 does not affect the loading of MCM3,
MCMS5 , or ORC2 during the first cell cycle after serum release.

IMR9O0 cells were transduced with a vector encoding a control sShRNA (shNT) or a
shRNA (shU_1) targeting UHRF1 and then synchronized in G1 phase by culturing in
0.5% serum. Cells were then released by addition of serum.Whole cell lysates or
chromatin -enriched fractions were collected from control (ShNT) or UHRF1 knockdown
cells (shUHRF1_1)at indicated times after serum release. Thecell lysates were then
subjected to SDS gel electrophoresis, transferred to golyvinylidene difluoride
membrane and stained with the indicated antibodies. MEK1/2 was used as a negative
control to show chromatin -enriched fractions did not cont ain the cytoplasmic protein.
This experiment was performed once.
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2.4.8 UHRF1 deficiency results in a cell cycle arrest gene signature

To further characterize the cellular response to reduced UHRF1 expressionin
HBE cells,we determined the global gene expression profile after UHRF1 reduction by
RNA -Seauencing. Three batches ofHBE cells were transduced with either scrambled or
UHRF1 shRNA. RNAs from these sampleswere processedfor RNA -Sequencing
(detailed description in 2.3.12 RNA-sequencing and gene ontobgy analysis). The
NOISeq method was used to obtain differentially expressed genes between control
(shNT) and UHRF1-knockdown (shU_1 or shU_2) groups. To avoid off -target effects,
we considered genesthat uniformly changed in both  UHRF1-knockdown groups (shU_1
and shU_2)and found 173 differentially expressed genes with over 1.5fold change and
over 70% probability based on a previous report 182 (Figure 23A and Appendix D ). These
genes weresubsequently subjected to gene ontology analysis to determine altered
biological pathways using PANTHER GO Enrichment Analysis 1% Downregulated genes
were mainly involved in ¢ ell cycle progression, with the highly -represented pathways
consisting of the mitotic cell cycle, DNA replication, G1/S phase transitionand DNA
replication initiation (Figure 23B). Notably, a reported target of UHRF1, DNA
topoisomerase 2alpha (TOP2A)?, was significantly downregulated in both UHRF1-
knockdown groups with probabilit y 80.8 and an average expression change greater than
50%.The mRNA levels of several core components of the DNA replication complex,

such asMCM factors, TOPBP1, and GINS family members were largely decreased, an

94



effect confirmed by q RT-PCR (Figure 23D-J). Since we collected RNA samples at
relatively late time s, the changes of gene expression may not be a direct effect of UHRF1
knockdown , but rather a reflection of the G1/S phase cell cycle arrest phenotype Future
studies can bedesigned to determine whether the RNA levels of the core components of
the DNA replication complex are decreased in the first cell cycle after UHRF1
knockdown, which may explain the lack of PCNA puncta in UHRF1-deficient basal
cells. Interestingly, pathways upregulated as a result of UHRF1 knockdown were
involved predominantly in immune and inflammatory responses (Fig. 23C). This finding
likely reflects the induction of a senescenceassociated secretoy phenotype (SASP)9.
Consistent with the result of ALI cultures, we did not observe any upregulated
pathways that were relevant to epithelial differentiation.

Taken together, these resultsare consistent with our previous observations that
UHRFL1 is essential for basal cell proliferation, and provide d additional evidence that
UHRF1 functions chiefly as a regulator of cell cycle progression but does not affect cell
death or lineage choices.So far no reports have shown the ChIP sequencing data to map
the genome-wide binding sites of UHRF1, presumably due to the absence of high-
guality ChlP -grade antibodies against UHRF1. We alsoattempted several times to
sequence immunoprecipitated DNA with UHRF1 antibody , but failed to obtain
interpretable data. Therefore, identifying the bona fidegenetargets of UHRF1 warrants

future investigation.
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Figure 23. UHRF1 knockdown in HBE cells results in a cell cycle arrest-
associated gene expression signature.

(A) Heat map of differentially expressed genes in UHRF1-knockdown HBE cells (shU_1
and shU_2) compared to control cells (shNT). The genes ae ranked by log2 fold
changes.(B)-(C) Most highly represented molecular pathways altered as a result of
UHRFL1 depletion based on gene ontology analysis.(D)-(J)HBE cells were transduced
with a vector expressing a control ShRNA (shNT) or shRNAs targeting UHRF1 (shU_1
and shU_2). 5 days after virus transduction, mRNA from aforementioned three cell lines
were collected and then relative mRNA levels of following genes: UHRF1, MCM5,
MCM®6, MCM10, GINS2, GINS4 and TOPBP1were determined by gRT-PCR analysis
from three separate experiments Data are reported asmean + SEMof cells from three
donors. **, p<0.01; *, p<0.05.

2.5 Conclusions and Future Directions

Taken together, using a genetically engineered mouse model, we provide the
first evidence for UHRFL1 function in adult airway basal stem cells. Our results indicate
that UHRF1 is mainly expressed in proliferating basal cells upon airway injury. Loss -of-
function experiments in vivo and in vitro suggest that UHRF1 sustains proliferation and
self-renewal of basal cells, but likely does not control lineage choicesrelated to
differentiation or apoptotic cell death . Uhrf-null basal cells are arrested in the G1 phase
and are unable to form active DNA replication factories. How UHRF1 affects the G1/S
phase transition and promotes DNA replication machinery formation requires further
investigation.

In previously published studies utilizing Uhrfl conditional knockout mouse
models, UHRF1 was shown to target multiple downstream pathways resulting in
diverse biological functionss8. For example, UHRF1 suppressesCdknlaexpression

through DNA methylation to facilitate the expansion of colonic regulatory T cells 5. In
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invariant natural Killer T cel Is, UHRF1 positively regulates the AKT -mTOR pathway to
promote survival and differentiation, possibly independent of its DNA methylation
function . In other studies, UHRF1 was reported to control the cell fate specification of
hematopoietic stem cells and protect them from erythroid -biased differentiation by
epigenetically suppressing the expression of several differentiation genes8. Here, we
found that UHRFL1 regulates the regeneration of airway basal cells by promoting
proliferation after airway injury, suggesting that the functions of UHRFL1 are largely cell
type specific.

There are several possible explanations for these distinct roles of UHRF1 in
different cell types. One possibility is that UHRF1 has tissue-specific targets, which
could be revealed by a combination of genome-wide chromatin immunoprecipitation
sequencingand RNA sequencing. This approach would further help to address the
functional differences between UHRF1 and DNMT1, since UHRF1 has been reported to
act as a transcriptional activator independent of its role in DNA methylation 113,
Alternatively , we speculate that intrinsic differences in cell cycle regulatory mechanisms
are likely to result in discrete UHRF1 functions in the control of cell proliferation.

Murine embryonic stem cells (ESCs)have an unusual cell cycle structure with a
truncated G1 phaseand lack the cell cycle-dependent Cdk/cyclin activity that is
assocated with the G1 to S transition in normal somatic cells?3, Uhrf1/- ESCs have bea

reported to proliferate normally 2, whereasUhrf1+ adult basal cells arrest in the G1 phase
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and cannot progress to the S phaseUHRF1 may affect the G1/S transition partially
through the p15 pathway in basal cells. Additional mechanisms may also exist to
prevent Uhrfl-- cells from entering the G1/S transition so that active replication
complexes cannot form to initiate DNA replication. We did not observe a DNA damage
response triggered by DNA replication stress, which is consistent with the lack of active
replisomes in UHRF1-deficient cells. Detailed biochemical studies will likely be required
to determine the precise mechanism by which UHRF1 loss triggers the G1/S checkpoint.
One of our unexpected findings was that loss of UHRF1 results in cellular
senescence in both human basal cells and diploid fibroblasts IMR90 cellsin vitro. In
agreement with our results, another group recently reported that UHRF1
downregulation induced senescent phenotypein a different human diploid fibroblast9e,
By knocking down seven DNMT1 -interacting proteins including UHRF1, t hey found
that DNMT1 protein level swere decreased only in UHRF1-knockdown cells'®. They
further demonstrated that ectopic expression of DNMT1 in UHRF1-knockdown
fibroblasts partially reverse d the senescent phenotypé®. We also observed reduced
DNMT1 protein level s at late times after UHRF1 knockdown in IMR90 cells, asin the
prior study (Figure 24B). When we checked the DNMT1 level in synchronized IMR90
cells 24 hours after serum release, we failed to see any differencein DNMT1 expression
in the control and UHRF1-knockdown group s (Figure 24A), indicating downregulation

of DNMT1 expression is a secondary effect of the cell cycle arrest phenotype We have
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also tested whether UHRF1 overexpression can bypass replicative senescence in IMR90
fibroblasts or HBE cells. As shown in Figure 25, we tracked control or UHRF1
overexpression cells after viral transduction for two weeks. At later time points, we
observed a consistently reduced proliferative rate in UHRF1 overexpression cells
compared to control cells. Since our data and prior studies have shown that UHRF1
expression is cellcycle dependent?'4, we speculate that constitutive expression of UHRF1
may disrupt normal cell -cycle progression. Consistent with this, a previous study
reported that overexpression of UHRF1 causedincreased mortality during early
embryonic development in zebrafishes?:5. Although cellular senescence has recently
been shown to have impact on development, wound healing, tumorigenesis , and
aging216219 our understanding of cellular senescence as a fundamental biological process
is still limited. Cellular senescence is not merely cell cycle arrest or quiescence. Senescent
cells cannot proliferate even in the presence of overactivated growth -promoting
pathways. We found that UHRF1 is barely expressed in quiescentbasal cells in vivo.
However, in cell cultures with ample nutrients, loss of UHRF1 does not lead to
guiescence but senescence. Our results support te notion that in growth -promoting
conditions with high levels of nutrients and oxygen, when key factors in cell cycle are

blocked, senescence &n occurz2,
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Figure 24. DNMT1 expression in control and UHRF1 knockdown IMR90 cells.

(A) IMR9O0 cells were transduced with a vector encoding a control sShRNA (shNT) or a
shRNA (shU_1) targeting UHRF1 and then synchronized in G1 phase by culturing in
0.5% serum. Cells were then released by addition of serum.Whole cell lysates from
control (shNT) or UHRF1 knockdown (shU_1) IMR90 cell lysates were collected at Ohr,
12hr, and 1&r release and subsequently detected with indicated antibodies. This
experiment was performed once. (B) Unsynchronized IMR90 cells were transduced with
a vector encading a control ShRNA (shNT) or shRNAs (shU_1and shU_2) targeting
UHRFL1. Cell lysates from aforementioned three cell lines were collected 6 days after
virus transduction. This experiment was repeated three times.
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Figure 25. Ectopic expression of UHRF1 does not enhance cell proliferation in  IMR90
cells and HBE cells.

(A) IMR9O cells were transduced with either empty (control) or UHRF1 overexpression
(OE) lentiviral vectors. Cell lysates of aforementioned two cell lines were collected at
day 7 after virus transduction and subsequently detected with indicated antibodies. (B)
The percentages of EdUpositive control or OE IMR90 cells were determined from one
experiment. (C) HBE cells were transduced with either empty (control) or UHRF1
overexpression (OE) lentiviral vectors. Cell lysates of aforementioned two cell lines were
collected at day 7 after virus transduction and subsequently detected with indicated
antibodies. (D) The percentages of EdUpositive control or UHRF1 overexpression HBE
cells two weeks after virus transduction were determined from two separate
experiments.

UHRF1 expression dynamically changes during airway repair. We speculate that
fine tuning of transient UHRF1 expression during the regenerative process of airway

epithelium is essential. Disruption of the normal balance between basal cell proliferation
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and differentiation leads to airway disorders in two extremes: basal cell hyperplasia or
basal cell hypoplasia?s. Airway diseases related to basal cell hyperplasia include chronic
obstructive pulmonary disease (COPD)2, Future studies can be designed to investigate
whether ectopic expression of UHRF1 results in basal cell hyperplasia at steady state or
after injury in geneti cally engineered mouse models. Moreover, the question about how
intrinsic signaling or environmental cues stimulate basal cells to transiently elevate
UHRFL1 expression is largely unknown. There are some well-studied mechanisms
underlying the restrained proliferation of basal cells after injury. The ROSNrf2 -Notch
pathway positively regulates proliferation during repair whereas bone morphogenetic
proteins (BMP) signaling prevent cell proliferation 4.42 Both pathways are dynamically
controlled to promote tissue repair after injury and to constrain basal cell hyperplasia. It
will be intriguing to explore whether UHRF1 functions to activate either pathways or

acts as a downstream effector molecule.
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3. UHRF1 deficiency exerts anti-tumor immune
responses by regulating PD-L1 and interferon
responses

3.1 Introduction

As discussed in Chapter 1, lung canceris the leading cause of cancer death.
NSCLC is the most common subtype of lung cancer and constitutes the majority of lung
cancer cases each year. Despiteecent scientific breakthroughsin targeted therapies and
immunotherapies 174, the survival rate of NSCLC patients, especially in late stages, isstill
dismalse. Therefore, understanding the autonomous properties of tumor cell s as well as
the reciprocal interaction between cancer cells and the tumor microenvironment will
provide new therapeutic avenues in NSCLC.

Consistent with the critical role in promoting cell cycle progression in bronchial
epithelial cells, dysregulated expression of UHRF1 has been reported in NSCLC,
hepatocellular carcinoma, prostate cancer, and gastric cancerand is negatively
correlated with patient survival 1519, We also independently analyzed two published
TCGA or GEO datasetg2222(Figure 24A, B) and found that the UHRF1 mRNA level is
upregulated in NSCLC patients and is negatively correlated with the patient survival
outcome??3 (Figure 24C). Immunostaining analysis in the mouse normal lung and
papillary adenocarcinomas from the CC10CreER; LSEKRa$12> mouse model of lung
cancer?* demonstrated that UHRF1-positive cells were barely detected in the normal

lung or adjacent non-tumor regions but exhibited a 6.6fold increase in adenocarcinomas
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(10.06% for tumor regions versus 1.52% for adjacent nortumor regions, Figure 24D, E).
Reducing UHRF1 expression in tumor cell lines has been shown to exert diverse antk
tumor effects including decreased cell proliferation, augmented cell death and defective
cell invasion1619.2022 However, most of the studies were limited to manipulating UHRF1
levelsin tumor cell lines in vitro, while comprehensive investigations using syngeneic
tumor models to determine the functional ramification of UHRF1 in tumor progression
and the tumor microenvironment was lacking. So far, only one published research study
hasinterrogated the role of UHRF1 overexpression in tumorigenesis and tumor
progression in vivo. This wasin the zebrafish?6. Although the pro-tumor effect of UHRF1
has been proposed toalter the cancer epigenome andto heavily methylate the tumor
suppressor geneg?s, this study has demonstrated that constitutive overexpression of
UHRF1 causedDNA hypomethylation and genome instabilit y of hepatocytes in
zebrafishes. By inducing genome-wide hypomethylation, UHRF1 induction in
hepatocytes is sufficient to cause oncogeneassociated phenotypes senescence andiver
cancer inthe zebrafish. Whether this finding can be recapitulated in mouse models
demands further efforts, but th esedata imply that the function of UHRF1 in cancer may
not be simply confined to the methylation of tumor suppressor genes. Additionally, as
we discussed in Chapter 1,epigenetic regulators can inhibit tumor growth not only
through cell -autonomous actions but also through cell extrinsic mechanisms by

modulating the tumor microenvironment 174176179 The effects of UHRF1on tumor
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growth, specifically in the context of reciprocal interactions between tumor cells and
host immune responses'the tumor microenvironment , remain largely unknown. In this
chapter, we aim to unravel the functional consequence of UHRFL1 in syngeneic NSCLC
mouse models.

Here, we found that knockdown of UHRF1 in LLC -OVA cells did not affect cell
growth in vitro. However, knocking down UHRF1 in tu mor cells suppressedtumor
growth in immune -competent, but not immune -compromised, animals. The resulting
tumor regressionwas accompanied by increasedT cell infiltration as well as an
enhanced ability of T cells proliferate and produce IFN- w &low UHRF1 affects the
tumor infiltrating immune composition is under investigation and will be further

discussed.

3.2 Author contributions

For this project, Handan Xiang did most of the experiments. Junying Chen
generated stable UHRF1-knockdown cancer cell lines and analyzed PD-L1 expression.
Yi Ding analyzed tumor growth in both B6 and nude mice. Sigi Liu, Handan Xiang and

Yi Ding used flow cytometry to analyze tumor -infiltrating immune populations.
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Figure 26. UHRF1 expression in NSCLC patients and the KRas ©¢2°-driven lung
adenocarcinoma mouse model

(A)-(B) UHRF mRNA levels in tumor regions and adjacent non -tumor lung tissues from
NSCLC patients in two different datasets 220226 (C) High UHRF1 expression is correlated
with poor prognosis in NSCLC patients. The data was downloaded from
http://kmplot.com website?23 and replotted using the Graphpad software. (D) CC10
CreERand CC10CreER; LSEKRa$*?® mice were injected with four doses of tamoxifen
every other day to induce lung cancer. 15 weeks after tamoxifen injection, lung tissues
from aforementioned mice were collected, sectioned, and immunostained with UHRF1
antibody. A representative image ofUHRF1 expression in normal tissues in a CC1G
CreERmouse or a lung tumor in a CC10CreER; LSEKRa$2> mouse. UHRF1 expression
is non-detectable in the normal lung tissue but elevated in tumors. The slides were
kindly provided by Dr. Xia Xu. The white dotted line indicates the tumor region. (E)
Quantification of percentages of UHRF1-positive cells in tumor regions or adjacent non -
tumor regions from three lung tumors of a CC10CreER; LSEKRa$!2> mouse. Data are
reported as mean+ SEM.

3.3 Materials and Methods
3.3.1 Cell culture and plasmids

The human lung cancer cell lines H165Q H520 and 293T cellswere purchased
from the American Type Culture collection. LLC cells expressing ovalbumin (LLC-OVA)
were kindly provided by Dr. Qi -Jing Li at Duke University 227228 The LLC cell line was
derived from a spontaneous squamous cell carcinoma of the lung from a C57BL
mouse?®, To create LLGOVA cell lines, the OVA expression plasmid (pAC -Neo-ovaz9)
was usedto transfect the LLC cell line. H1650 and H520 cell lines were maintained in
RPMI-1640(Invitrogen) , supplemented with 10% FBSand 1X penicillin -streptomycin
(Invitrogen, 1:100). LLC-OVA cell lines and 293T cellsP | Ul wOEDOUEDOI EwbOw# UO
modified eagle medium (DMEM , Invitrogen ) supplemented with 10% FBS andlX

penicillin -streptomycin (Invitrogen, 1:100). Cells were maintained in 5% CO:zin air. The
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control shRNA and the shRNAs targeting either human or mouse UHRF1 were

transduced into cells using the pLK O.1-puro lentiviral vector (The vector map is shown

in Appendix A) . All the shRNA constructs were purchased from the Sigma-Aldrich . The

guide sequence for the control shRNA as follows: shNT (non-targeting): k 7
CAACAAGATGAAGAGCACCAA - ZTidewuide sequencesof the sShRNAs targeting

4" 1 %huwbOwi UOEOQWETI OOwODPOl UWEUI wEUwWi 660O6pP U6 wUT 4
GCCTTTGATTCGTTCCTTCTT+ z OwUl 4' LBOACGAAGGAATGTACCAT -

b z6w3T 1T wi UPET wUIl gUT OET UwOi wUT 1T wUT 1- UwWUEUTT UDO
follows: shU' 1 %hur JOBQTAGCTCCAGTGCCGTTAA-+ z OQwUT 4 ' 1 %hur | 6 wk 2
CACACACTCTTCGATTATGAT -t Z®4g of individual ShRNA construct, 9 4g of ps-

PAX2 and 34g of VSV-G expressing plasmids were cotransfected into 293T cells using

Lipofectamine 2000 (Thermo Fisher Scientific) based on the manual. Viruses were

collected and filtered through 0.45 4m polyeth ersulfone filters (Thermo Fisher Scientific)

48 hours after transfection. For virus transduction, when cells reached 40% confluency,

media containing viruses were applied to cells for 24 hours with 4 5g/ml polybrene and

then replaced with fresh medium . 48hours after virus transduction, stable UHRF1

knockdown cells were selected using 24 1T ¥ Quémycin for at least four days to enrich

for stable UHRF1-knockdown cells.
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3.3.2 Mice
6X10*LLC-. 5 wE]l OOUwPOwhyyYws Owldl EDEwPI UdackUUEEUUE
flanks of 6-8-week-old female C57BL/6 mice.For nude mice, 20X13@ LLC-OVA cells in
1004 @edia were subcutaneously injected into the back flanks. Tumor size was
measured when the palpable nodules could be seen, and tumor volumes were calculated
using the following formula: 3.14 x (length x width 2)/6. Tumors were harvested and
analyzed two weeks after injection. C57BL/6 mice were maintained and bred in the
Duke animal facility. FoxnZXnull nude mice #*were purchased from the Duke Animal
Facility. All animal procedures were reviewed and approved by the Duke University

Animal Care and Use Committee.

3.3.3 CellTiter-Glo Luminescent Cell Viability Assay

On day 0, 200 cells fromcontrol or UHRF1-knockdown LLC -OVA cell lines were
seeded into a 96-well plate , and three technical replicates were used to calculate the
value. At indicated time s, the total number of viable cells was determined according to
the manufacturer's instruction (Promega). The plates of cells were equiibrated at RT for
30minutes. 1004 ©f CellTiter-Glo reagent was added to 1007 ©f medium in each well.
The plates were subsequently put on a shaker for 2minutes to mix the reagents and then
incubated at room temperature for 10 minutes to stabilize luminescent signal, after

which the signal was recorded by the VICTOR? plate reader.
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3.3.4 siRNA knockdown and IFN treatment

H1650 cellsseeded in a 12well plate were transfected with 50 nM human stealth
siRNA targ eting UHRF1 (Thermo Fisher Scientific, HSS120939as well asa negative
control siRNA (Thermo Fisher Scientific, AM4635) by using Lipofectamine RNAimax.

The negative control SiRNA does not target any gene product according to

different concentration s as indicated in the text. The cells were collected 48 hours after

transfection to examine PD-L1 expression at the cell surface.

3.3.5 Immune composition analysis by flow cytometry

Single-cell suspensions weregenerated from tumor masses, and surface staining
was performed according to standard protocols for flow cytometry with the following
antibodies: mouseanti " # KOw" # WEOw3 " 1 ¢ Ow" #dnklLYPaG-(BiokegehdD w" # whihuE
Ki67 staining was performed by using the Foxp3/Transcription Factor Staining Buffer
Set (eBioscience) to fix and permeallize cells. For intracellular IFN-wwU UE D OD O1T OwET 00
stimulated with 0. 9 nM phorbol 12,13-dibutyrate (Sigmat Aldrich )and 0.54 1 ¥+ OO
ionomycin (Sigmat OEUDPET AwbOwUT 1 wiWIi iUl @ED Gud | wik Qi dilvudy , wl
(eBioscience) for 4 hours. Cells were fixed with 2% paraformaldehyde, followed by
permeabilization with 0.1% sapo nin (Sigma-Aldrich) and antibody staining by IFN - w

antibody (Biolegend).
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3.3.6 Western Blot

Total protein was extracted using radioimmunoprecipitation assay buffer
(Thermo Fisher Scientific) supplemented with 1X protease inhibitor cocktails (Thermo
Fisher Scientific) EEEOQUEDOT wUOwOE OUI.EyRdkswere dentifugpdat) OUUE UD O«
12,000 r.p.m.(11752 g for 10 minutes, and the supernatant was collected and boiled in
loading buffer for 10 min utesd w/ UOUIT B O wHEYOTOA Whiughdy4eeiok ET1 EwOOw
denaturing SDS gelsand transferred to nitrocellulose membranes (Millipore) using Mini
Trans-Blot Cell (Bio-Rad). Membranes were blocked in 5% milk in 0.1% Tween 200of
Tris-buffered saline (TBST) and probed with the following antibodies: primary
antibodies anti-PD-L1 (Santa Cruz, s€50298, 1:200 dilution), anttUHRF1 (Santa Cruz,
sc-373750, 1:200 dilution), pErk (Cell Signaling, 9101, 1:1000 dilution), pAKT (Cell
Signaling, 92711:1000 dilution), phospho-NF-f | wxt k wep" 1 OOw2 b1 OEODPOT Owt Y
dilution) and secondary goat-antibody labelled by horseradish peroxidase (Invitrogen ,

1:5000. The secondary antibody was visualized by using a chemiluminescent reagent

Pierce ECL kit (Thermo Fisher Scientfic).

3.3.7 Chromatin Immunoprecipitation (ChIP)

Cells were trypsinized, resuspended in 10 ml of medium and counted using a
hemocytometer. Samples were crosslinked directly in medium supplemented with 1%
formaldehyde (Sigma-Aldrich) for 10 minutes at roo m temperature and quenched with

0.125 M glycine for 5 minutes. Crosslinked samples were snap frozen as pelets and
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stored in RIPA buffer (Sigma-Aldrich ). After thawing, the cell pellets were allowed to sit
in3005 Ow1l (/ wiuddand thenusdricéted for a total of 15cycles, with 30 semnds
on 30 seonds off per cycle, to obtain DNA fragments 2004 500bp in length at 30%
amplitude using the low power ultrasonicator (Fisher Scientific, J913) . Before dilution,
2% of each ChIP sample was collected as input.Each ChIP sample contained sonicated
chromatin from 1 x 10 cells wasthen diluted in half with protein free blocking buffer
(DAKO) and incubated with3 4 T wOl wx UPOEUVUa wEOUDPEOEaA wAY 1T UODPT T U
The next day, 4041 of protein G magnetic beads (Invitrogen) washed in beadswere
added, incubation was resumed for 6 more hours. Beads were washed three times as
follows, first in low salt buffer (Abcam), then in high salt buffer (Abcam), and finally in
LiCl Buffer (A bcam) (tubes were changed in between buffers). After the last wash,
DNA/protein was eluted at 65 °C for 30 minutes using the elution buffer (Cell Signaling).
Samples were supplemented with 4 41 of 5 M NaCl before being reverse crosslinked
overnightat 65°C8 w( Qw01 1 wod O U ddnd RNASH @l Sgnélihgluay added
and the cells were incubated for 45 minutes, thereafter 1ul of 20 mg/ml proteinase K
(Cell Signaling) was added and incubation resumed for another 45 minutes at 65°C. The
enriched DNA was then purified and eluted in 304 Qlta -purified water using a PCR
purification kit (Qiagen). The amount of DNA immunoprecipitated by UHRF1 or Pol Il
antibody was quantified by the real-time quantitative PCR method232 1041 system was

used with 5 4 QYBR Green qPCR Master Mix(Affymetrix), 0.5 4M primersand 1 4 O

113



immunoprecipitated DNA samples. Signals obtained from UHRF1 or Pol Il antibody -
immunoprecipitated DNA samples were calculated as percentage of the total input
chromatin and further normalized to IgG signals. Percent Input = 2% x 2CI[T] 2%input Sample
crmie sample)  C[T] is the threshold cycle of PCR reaction. The gPCR primersare as follows.
PD-+ hwx UOOOUI Ur hvwi GRIGEAGETCGEEXNIGGGAuK z O-Ll/ #
prOOOUT Ur vwUI1 Y FAAANAGITCAGOAGCAGATICZA -+ z O-Lil/pebmoter_2
i OUPEUE wxAGBEEGHOGACKERTTCTGATA -t 7z O-Ll/pomoter 2 reverse

primer: kK CAAGCCAACATCTGAACGCA -t z 0 w

3.4 Results

3.4.1 Knockdown of UHRF1 in mouse Lewis lung carcinoma-OVA
(LLC-OVA) cells does not affect cell growth in vitro.

To understand whether UHRF1 modulates the lung cancer microenvironment,
we took advantage of a murine syngeneic lung cancer model: Lewis lung carcinoma
(LLC). The LLC cell line was derived from a spontaneous squamous cell carcinoma of
the lung from a C57BL mouse?®, LLC cells were further engineered to express
ovalbumin (OVA) , which increases tumorimmunogenicity 233234 This model is well
established to study host anti-tumor responsesin immune competent contexts 234236, \We
first used two shRNA s to knockd own UHRFL1 in LLC -OVA cell lines. Despite robust
knockdown of UHRF1 as assessed by immunoblot analysis (Figure 27A) a reduction in

UHRF1 lossdid not affect LLC-OVA cell growth in vitro as indicated by the same
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number of viable cells in control cells (sShNT) compared to UHRF1 knockdown cells

(shUHRF1_1 and shUHRF1_2)detected over the course of 5 days(Figure 27B).

-e- shUHRF1_1
-# shUHRF1_2
100004 -+ SsShNT

5000

o G S L
A ) )
& N &

Figure 27. UHRF1 knockdown does not affect LLC -OVA cell growth in vitro .
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(A) LLC-OVA cells were transduced with a vector expressing a control shRNA or
shRNAs targeting UHRF1 (shUHRF1_1 and shUHRF1_2). 7 days after virus
transduction, cell lysates were collected from the aforementioned three cell lines,
subjected to SDS geklectrophoresis and immun e-blotted using indicated antibodies. (B)
The aforementioned three cell lines were seeded into 96well plates. Cell numbers were
determined by luminescent signals, which were calculated from three separate
experiments and plotted as mean + SEM.

3.4.2 Loss of UHRF1 inhibits LLC-OVA tumor growth in syngeneic
background C57BL/6 mice but not in immune-compromised mice.

To investigate the role of UHRF1 in tumor growth in vivo, we subcutaneously
transplanted equal numbers of control or UHRF1-knockdown LLC -OVA cells into the
back flanks of immune competent C57BL/6 mice and monitored tumor growth.
Unexpectedly, knockdown of UHRFL1 inhibited tumor growth in vivo by more than 2
folds, as indicated by tumor volume and weight at the end-point, respectively (Figure
28A-B). We alsovalidated the growth -suppressive effect of UHRF1 knockdown using a
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secondindependent shRNA targeting UHRF1 (Figure 28C-D). Since UHRF1
knockdown exerts different effects on tumor cell growth in vitro and in vivo, we
hypothesized that immune po pulations in the tumor microenvironment contribute to
this discrepancy. To test this, we subcutaneoudy injected equal numbers of control and
UHRF1-knockdown LLC -OVA cells into immune -deficient Foxnl- nude mice that
cannot mount T-cell mediated adaptive immune responses. We did not observe any
differencesin tumor growth in the control and UHRF1-knockdown groups (Figure 29A-
B), indicating that the T-cell mediated immune responsesis required for the anti -tumor
effect upon reduction of UHRF1 levels . To rule out the possibility of ineff icient UHRF1
knockdown, we lys ed individual tumors and confirmed that UHRF1 levels remained
3.5fold lower in tumors arising from UHRF1 -knockdown cells compared to tumors

from control cells (Figure 29C-D).
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Figure 28. Loss of UHRF1 in tumors inhibits tumor growth in the syngeneic
background.

(A) LLC-OVA cells were transduced with a vector expr essing a control shRNA or a
shRNA targeting UHRF1 (shUHRF1_1). Equal numbers of aforementioned two cell lines
were transplanted into C57BL/6 mice, and tumor volume was monitored at the indicated
times. (B) Tumor weight from control and UHRF1 knockdown groups at the end point.
Data are presented as means + SEM; n = 8 tume for each group. (C) LLC-OVA cells
were transduced with a vector expressing a control shRNA or a shRNA targeting
UHRF1 (shUHRF1_2. Equal numbers of aforementioned two cell lines were
transplanted into C57BL/6 mice, and tumor volume was monitored at the indicated
times. (D) Tumor weight from contr ol and UHRF1 knockdown groups at the end point.
Data are presented as means + SEM; n §tumors for each group. ***p < 0.001, **p<0.01,
*p<0.05.For the tumor growth curve, p value was determined by two-way ANOVA test.
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Figure 29. Loss of UHRF1 does not inh ibit tumor growth in  immuno -
compromised mice.

(A) LLC-OVA cells were transduced with a vector expressing a control ShRNA or a
shRNA targeting UHRF1 (shUHRF1_1). Equal numbers of aforementioned cell lines
were transplanted into nude mice, and tumor volume was monitored at the indicated
times. (B) Tumor weight from control and UHRF1 knockdown -groups at the end point.
(C) Tumors from each group were collected, lysed and then immune -blotted for UHRF1
expression. ¢-actin serves as a loading control. (D)Quantification of relative UHRF1
expression from tumors shown in C. Data are presented as means = SEM; n = &umors
for each group. ***, p<0.0001.

118



3.4.3. Knockdown of UHRF1 increases the percentage of tumor-
infiltrating CD4+ and CD8+ T cells and enhances the proliferation and
cytotoxicity of T cells.

Given the importance of immune population in mediating anti -tumor responses
in UHRF1-knockdown cells, we proceeded to analyze the immune cell composition of
control and UHRF1-deficient tumors by flow cytometry. We monitored Gr-1+CD11b+
neutrophils, F4/804#CD11b+ macrophages, andtwo subtypes of dendritic cells. For these
innate immune populations, we did not observe changes from the control and UHRF1-
knockdown bulk tumors (Figure 30A-D). We did observe a 2.2-fold increasein the
percentages of CD4+ T celland a 1.7%fold increase in CD8+ T cellsin UHRF1-deficient
tumors, but no differences in Treg populations (Figure 30EG). In comparison to the
wild type tumor s, we observed three highly reproducible immunological characteristics
in UHRF1-knockdown tumors : 1) the infiltration of T cells, both CD4+ helper and CD8+
cytotoxic T cells, was significantly increased (Figure 30EF); 2) a higher percentage of
CD4+ T cells (26.2% forcontrol LLC -OVA cells versus 60.0% for UHRFXknockdown
LLC-OVA cells) and CD8+T cells (17.2% for control LLC-OVA cells versus 44.2% for
UHRF1-knockdown LLC -OVA cells) could actively proliferate indicated by the Ki67
staining (Figure 31A-B, Figure 32A-B); and 3) with enhanced IFN- wproduction by a 3.7
fold increase in CD4+ T cells and by a 2.2fold increase in CD8+ T cells(Figure 31C-D,

Figure 32C-D). Collectively, theseresults suggestthat UHRF1 downregulation exerts the
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anti-tumor immune response by altering the percentage and functional potential of T

cells in the local tumor microenvironment.
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Figure 30. Analysis of tumor -infiltrating immune populations.

(A)-(G) LLC-OVA cells were transduced with a vector expressing a control ShRNA
(shNT) or a shRNA targeting UHRF1 (shUHRF1_1). 14 days after tumor implantation,
LLC-OVA tumors from aforementioned two cell lines were isolated from C57BL/6 mice,
dissociated into single cells and analyzed by flow cytometry with surface markers. The
percentage of immune cdl types was determined as indicated. Data are presented as
means = SEM;n=5 tumors for the control group, n=4 tumors for the UHRF1 -knockdown
group. *, p<0.(®; **, p<0.01.
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Figure 31. Tumor -infiltrating CD8+ T cells from UHRF1 kno ckdown tumors
have higher Ki67 expression and IFN - wproduction.

(A) LLC-OVA cells were transduced with a vector expressing a control shRNA (shNT)
or a shRNA targeting UHRF1 (shUHRF1_1). 14 days afer tumor implantation, LLC -
OVA tumors from aforementioned two cell lines were isolated from C57BL/6 mice,
dissociated into single cells and analyzed Ki67 expression by flow cytometry. Ki67
immunofluorescence staining of tumor -infiltrating CD8+ T cells (B) Quantification of the
mean fluorescence intensity (MFI) of Ki67 from aforementioned tumors . (C) Intracellul ar
IFN - mimmunofluorescence staining of tumor -infiltrating CD8+ T cells from
aforementioned tumors from the control (shNT) or UHRF1 -knockdown cells
(shUHRF1_1) (D) Quantification of the mean fluorescence intensity (MFI) of IFN - @
from each group. Data are presented as means + SEMn=5 tumors for the control group,
n=4 tumors for the UHRF1-knockdown group . *, p<0.(; ***, p<0.001.
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Figure 32. Tumor -infiltrating CD4+ T cells from UHRF1 knockdown tumors
have higher Ki67 expression and IFN - wproduction.

(A) LLC-OVA cells were transduced with a vector expressing a control shRNA (shNT)

or a shRNA targeting UHRF1 (shUHRF1_1). 14 days afer tumor implantation, LLC -

OVA tumors from aforementioned two cell lines were isolated from C57BL/6 mice,

dissociated into single cells and analyzed Ki67 expression by flow cytometry. Ki67
immunofluorescence staining of tumor -infiltrating CD4 + T cells.(B) Quantification of

the mean fluorescence intensity (MFI) of Ki67 staining from tumors in aforementioned

two groups. (C) Intracellular IFN - w w U U E B O b Ginfiltr&ihgud 4-6Tcells. (D)

Quantification of the mean fluorescence intensity (MFI) of IFN -wwi UOQuwi EBatawi UOU x
are presented as means + SEMn=5 tumors for the control group, n=4 tumors for the
UHRF1-knockdown group.*** p<0.001.
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3.4.4. Knockdown of UHRF1 decreases PD-L1 expression in LLC-OVA
cells and human NSCLC cell lines.

Peptide

MHC | TCR
| * ferati
— | Proliferation
) . JSurvival

| | + 1Cytokine production
PD-L1 PD-1

T Cell

Tumor Cell

Figure 33. Schematic illustration of the engagement of PD -1 and its ligand PD -L1.

The association of TCRsand tumor antigens presented on MHC activates T cells. The
engagement of PD-1 and PD-L1 negatively regulate T cell activation. MHC, major
histocompatibility complex; TCR, T cell receptor .

One of the most critical pathway to dampen T cell activation and pr oliferation is
immune checkpoint signaling. The engagement of the PD1 on T cells with its cognate
ligand PD-L1 is evolutionarily crucial for harnessing overt inflammation to prevent
tissue damaget“. By inducing surface PD-L1 expression, cancer cells can dimingh
proliferation of tumor -infiltrating T cell sand reduce the production of cytotoxic
molecules to evade immune surveillance (Figure33). Since our prior results showed
enhanced proliferation (Figure 31A-B and 32A-B) as well as increasedproduction of the
cytotoxic molecule, IFN- w(Figure 31C-D and 32C-D), in tumor -infiltrating T cells, we
evaluated whether UHRF1 attenuates this pathway by affecting PD -L1 expression.
Moreover, a previous study has shown that PD-L1 levels in tumor cells play a dominant

role in medi ating tumor growt h in the LLC model2%. To test this hypothesis, we assessed
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total PD-L1 expression by western blot and surface PD-L1 expression by flow cytometry.
Surprisingly, UHRF1 loss decreasedotal and surface PD-L1 expression by 2 folds, as
shown in Figure 32. To further interrogate whether the regulation of PD -L1 by UHRFL1 is
conserved between human and mice,we investigated the impact of UHRF1 on PD-L1
expressionin a panel of human NSCLC cell lines. Consistent with the results in murine
cancercells, knockdown of UHRF1 reduced total and cell surface PD-L1 expression by

50% and 25%, respectivelyin H1650 cell lines(Figure 35).

A B
ShNT shUHRF1_1
IgG
uHRF1 | P —
ShNT
PD-L1 | e o =
ShUHRF1_2
B-actin * | ShUHRF1_
C—— — PD-L1

Figure 34. Downregulation of UHRF1 decreases PD -L1 expression in LLC -
OVA cell lines.

(A) LLC-OVA cells were transduced with a vector encoding a control shRNA (shNT) or
shRNAs targeting UHRF1 (shUHRF1_1 and shUHRF1_2). 7 days after virus
transduction, w hole cell lysates from the aforementioned three cell lines were collected
and subsequently immunoblotted with the indicated antibodies. ¢-actin serves as a
loading control. This experiment was repeated twice. (B) The surface PD-L1 expression
of aforementioned three cell lines was determined by flow cytometry . PD-L1
immunofluoresce nce staining of these cell lines as shown in B.This experiment was
performed once.
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Figure 35. Downregulation of UHRF1 decreases PD -L1 expression in a panel of
human NSCLC cell lines.

(A) NSCLC cell lines were transduced with a vector encoding a control sShRNA (shNT)
or a shRNA targeting UHRF1 (shUHRF1_1).7 days after virus transduction, w hole cell
lysates from aforementioned cell lines were collected and then immunoblotted with
indicated antibodies. This experiment was performed twice. (B) The surface PBL1
expression of either control or UHRF1-knockdown (shUHRF1_1 and shUHRF1 2)
H1650 cellswas determined by flow cytometry . This experiment was performed twice.

3.4.5. Loss of UHRF1 partially overrides PD-L1 induction in the
presence of exogenous interferons in human NSCLC cell lines.

The strongest stimuli for PD-L1 expression are type | and type |l interferons,
egpecially the type Il interferon IFN- t#37.238 For cancer immunity, IFN- tis adouble-
edged sword: one the one hand, it can exert antiproliferative effects on tumor cells,
enhance the expression of MHC | molecules to aidin the priming and presentati on of
antigens in APCs, and strengthen T cell recruitment to the site of inflammation 154239 on
the other hand, it can potently induce PD -L1 expression in tumor cells to resist immune
elimination 154.163,239

We hypothesized that UHRF1 downregulation could reduce PD -L1 expression,

even in the presence of high concentration of IFN - wsecreted by tumor-infiltrating T
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cells to promote anti-tumor T cell responses. To test this hypothesis, we directly treated
the NSCLC cell line with exogenous interferons to determine whether UHRF1
downregulation could override the PD -L1 induction by interferons. We used siRNA to
transiently knockdown UHRF1 expression. One day after siRNA transfection, different
doses of IFN-¢1 or IFN- wwwere added to control (siCtrl) or UHRF1-knockdown
(SiIUHRF1) NSCLC cell lines. 24 hours after interferon treatment, cell-surface PD-L1
expression was determined by FACS. In the absence of interferon treatment, cellsurface
PD-L1 expression was2-fold lower in knockdown cells compared to control cells.
Treatment with either IFN -¢1 or IFN - tin control cells resulted in a dose-dependent
increasein cell-surface PD-L1 (Figure 36A-B). However, UHRF1-deficient cells were
resistant to elevated cellsurface PD-L1 expression despite the presence of hidy doses of
interferons. Figure 36C demonstrates an example of celtsurface PD-L1 staining in H1650
cells with different doses of IFN -¢1. We found that UHRF1 transcriptionally regulated
PD-L1 expression, sincedecreasedPD-L1 expression in UHRF1 deficient groups was
primarily due to t he reduced mRNA levels (Figure 36D). Moreover, we found that the
UHRF1-PD-L1 axis was clinically relevant and that UHRF1 mRNA levels were
positively correlated with  PD-L1 mRNA level s as shown in Figure 36E. Taken together,
our results demonstrated that UHRFL1 is required for PD -L1 expression and that loss of

UHRF1 can partially override PD -L1 induction by int erferons.
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Figure 36. Loss of UHRF1 partially overrides PD -L1 induction triggered by
exogenous interferons in the H1650 cell line.

(A) The surface PD-L1 immunofluorescence staining of control (siCtrl) or UHRFL1 -
knockdown (siUHRF1) H1650 cells treated with different doses of IFN-¢ ud w" I OQwb il Ul w
transfected with 50nM siRNA. 24 hours after transfection, IFNs were added at indicated
concentration to cells for another 24 hours. Data are presented as means SEM; n=3for
each group. P value was calculated by paired t-test. **, p<0.01.(B) The surface PDL1
immunofluorescence staining of control (siCtrl) or UHRF1 knockdown (siUHRF1)

H1650 cells treated with different doses of IFN- @ Data are presented as means = SEM; n
=3 for each group. Pvalue was calculated by paired t-test. *, p<0.05; **p<0.001(C) The
representative result of surface PD-L1 immunofluorescence staining of control (siCtrl) or
UHRF1 knockdown (siUHRF1) treated with different doses of IFN - ¢1. (D) The
expression of PD-L1 from control (siCtrl) or UHRF1 knockdown (siUHRF1) H1650 cells
with or without IFN -gamma treatment was measured by RT-PCR from two separate
experiments. E. The correlation between UHRF1 and CD274 expression in NSCLC
patients from the published dataset GSE3121Q
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3.4.6. UHRF1 does not regulate PD-L1 expression through classic
pathways in NSCLC cell lines.

To determine the underlying mechanism by which UHRF1 regulates PD -L1
expression, we focused onwell -established pathways that control PD-L1 levels in tumor
cells. By dissecting the mechanism underlying IFN- to-mediated PD-L1 upregulation,
two pathways that positively regulate PD -L1 expressionhave been previously
identified : the JAK/STAT/IRF-1 and the MyD88/MEK/ERK pathway s 8240 Aberrant
activation of MEK/ERK pathway can result in downstream PD -L1 transcription. The PD-
L1 promoter also contains a binding site for nuclear factor (NF) -kB, a transcription factor
involved in PD -L1 transcription. PI3K is another important pathway in PD -L1
regulation. The inhibition of AKT reduces surface PD-L1 expressioninduced by PTEN
loss®. To examine whether UHRF1 loss impairs the activation of these pathways, we
determined phosphorylati on levels of several key factors Knockdown of UHRF1 , as
confirmed by immunoblot analysis (Figure 37A), did not af fect the levels of p-NF-KB, p-
AKT and p -ERK compared to control H1650 cells (Figure 37A), indicating that
knockdown of UHRF1 may not alter the activat ion of those key pathways. We will

further assess whether UHRF1 loss affectshe JAK/STAT pathway .

3.4.7. UHRF1 directly targets the CD274 promoter region and
promotes the binding of RNA polymerase Il to the promoter region in
the human NSCLC cell line.

UH RF1 is also known as ICBP90Qand several reports have shown that ICBP90

can function as a transcription activator by binding to gene promoters and positively
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regulating gene expressiont13, We queried whether PD-L1 (CD274) is a direct target gene
of UHRF1. We designedtwo sets of primers in the promoter region of CD274and
performed UHRF1 chromatin immunoprecipitation (C hlIP) followed by g -PCR (Figure
37B). ChIP analysis showed a significant association of UHRF1 with the CD274
promoter, which was decreased 70% and 80% in the two sets of primers, respectively,in
the UHRF1-knockdown cells. Moreover, knockdown of UHRF1 correlated with a 2.5 to
3.6-fold reduction in the association of RNA Pol Il with the same region of theCD274
promoter (Figure 37C-D). One set of primers (PD-L1 promoter_1) amplified a consensus
region in both mouse and human CD274 promoter, which may explain a mechanism by
which UHRF1 regulates PD-L1 expression in both mouse and human cell lines (Figure
37C-D). Taken together, our results suggest that UHRF1 canpotentially target the

promoter region of CD274to promote CD274transcription.
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Figure 37. UHRFL1 directly targets the promoter region of CD274.

(A) Whole cell lysates from the control (ShNT) or the UHRF1 knockdown (shUHRF1 _1)
H1650 were collected and subsequently probed with indicated antibodies. (B) Primer
sequences targeting human PD-L1 promoter for the ChIP -gPCR.(C)-(D) H1650 cells
were transiently transfected with contr ol siRNA (siCtrl) and UHRF1-targeting siRNA
(siUHRF1). DNAs from both groups were extracted and precipitated with anti -UHRF1,
anti-pol I, or mouse IgG antibody. Indicated gPCR primers were used to detect specific
regions in PD-L1 promoter. The enrichment of specific DNA fragments precipitated

with anti -UHRF1 or anti-Pol Il was normalized to IgG from two separate experiments

3.5 Conclusion and future direction

Using the syngeneic Lewis lung carcinoma mouse model, we found that loss of
UHRF1 does not affecttumor cell growth in vitro, indicating that malignant cells can
bypass UHRF1 mediated cell cycle progression. However, subcutaneousimplantation of
UHRF1-deficient tumor cells into immunocompetent mice led to retarded tumor growth
with enhanced tumor -infil trating T cells as well as augmentedT cell responses against

tumor s. The anti-tumor immune responses elicited by tumoral UHRF1 knockdown were
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potentially mediated by reduced PD -L1 expression to unleash tumor-infiltrating T cells
from inhibitory signals. Collectively, our results demonstrate that UHRF1
downregulation unmasks the immunogenic potential of malignant cells and restrains
tumor growth. Future directions of this project will aim at : 1) applying this finding to
additional syngeneic NSCLC mouse models; and 2) unravelling the molecular

mechanism underlying the anti -tumor immune responses elicited by UHRF1 deficiency.

3.5.1 Validation of the anti-tumor immune responses induced by
UHRF1 deficiency in a Kras®??*: Trp53'/ 'syngeneic mouse model

Krasmutation and Trp53deletion are the most common genetic alterations in
lung adenocarcinoma patients, and thus we decided to further validate the phenotype of
UHRF1 deficiency in a Kras®120+; Trp53% WSCLC cell line generated from spontaneous
tumors dissected from Krasts-¢120+ Trp53% NC57BL/6 miceat 10 weeks after
intratracheal administration of Ad5 -CMV -Cre., We will reduce UHRF1 expression by
shRNA- or CRISPRmediated gene manipulation and phenotypically delineate the
consequence of UHRF1 loss by measuring theumor growth and analyzing the tumor -
infiltrating immune compositions. ! EUTI EwOOwWOUUWEOOOI ET Ul zUwUOx UE
tumor cell line is more immunogenic than the LLC mo del with increased tumor -
infiltrating immune cells. We anticipate a robust tumor rejection responsein UHRF1

knockdown groups.
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3.5.2 Determine the molecular mechanisms through which tumoral
UHRF1 remodels the tumor microenvironment.

3.5.2.1Assess if the anti -tumor immune response in UHRF1 deficient cells is mainly
mediated by PD -L1 downregulation.

To explore if PD-L1 is the primary downstream mediator, we could overexpress
PD-L1 in UHRF1-knockdown LLC-OVA cell lines to assess whether ectopic expression of
PD-L1 reverses the reduced tumor growth of UHRF1-knockdown cells A negative result
would suggest alternative explanations, whereas a positive result would support the
notion that the retarded tumor growth in UHRF1 -knockdown cells is primarily

mediated by PD-L1 downregulation.

3.5.2.2Determine molecular mechanisms by which UHRF1 facilitates the basal and
IFN -induced PD -L1 expression

The ChIP assay with anti-UHRF1 demonstrated that UHRF1 binds to a region
within the pro ximal CD274promoter (Figure 34C-D). Furthermore, silencing UHRF1
significantly reduced the association of RNA polymerase Il w ith the core promoter of
PD-L1, supporting the notion that UHRF1 is required to facilitate PD -L1 gene
transcription. It is uncommon that UHRF1 functions as a transcriptio nal activator 113 and
the molecular mechanism underlying transcriptional activation has not beendetermined
yet. Although we did not observe the activation changes of canonical PD-L1 regulatory
pathways, we cannot rule out the possibility that loss of UHRF1 disrupts the binding of
transcription factors to the cognate PD-L1 promoter region. To address this, we could

determine the association of several known transcription factors, including IRF-1 and

132



NF-kB, with the PD-L1 core promoter in the presence and absence of UHRFby ChIP
analysis.

Alternatively, it is still possible that UHRF1 transcriptionally upregulate an
upstream repressor for PD-L1 expressionthrough reducing DNA methylation . While
there is no direct transcriptional repressor identified for the CD274gene, it has been
reported that various miRNAs, including miR -513, miR-570, miR-34a and miR-200,
suppress PD-L1 protein expression in various cell types®é, We could thus assess if
UHRF1 downregulation increases the expression of any of those miRNAs and if UHRF1

lossresults in demethylation of the promoter region of these miRNAs.

3.5.2.3 Assess if the anti -tumor immune response in UHRF1 deficient cells is partially
mediated by the type | interferon (IFN-I) response.

Transcription of endogenous retroviruses (ERVs)in the human and mouse
genomesis steadily suppressed in germline/embryonic cells as a way of minimizing
insertional mutagenesis?#2243 This mechanism may be hijacked by cancer cellssuch that
the reactivation of ERVs could facilitate genomic instability to promote malignant
transformation 244245 However, ERV silencing is also prevalent in established tumors,
perhaps to evade immune surveillance asboth intermediate and final products of ERV
transcripts are immunogenic 176177.246 One of the proposed mechanisms of ERV
transcription al silencing is mediated through epigenetic regulation DNA methylation
and suppressive histone modifications, such as H3K9me347.24¢ Recently it has been

reported that treatment of human cancer cells by DNA methyltransferas e inhibitors
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results in the demethylation of ERVsand increases their transcription 176177 The double-
stranded transcripts of ERVs are detected by cytosolic sensors to trigger thelFN-|
response, which activates anti-tumor immunity and synergistically boosts the efficacy of
immune checkpoint inhibitors 176 In Uhrfl/- embryonic stem cells, several ERVsresiding
in heterochromatin regions, such asintracisternal A -particle (IA P) and LINE -1, are
heavily demethylated 2. In addition, it has been reported that developing neural stem
cells with Uhrfl deletion have augmented IFN-I signaling due to drastically enhanced
transcription of IAP famil y members’. Based onour current knowledge, we propose that
loss of UHRF1 in cancer cells may trigger the type | interferon response to boost anti
tumor immunity.

Given the above, we could determine whether the type | interferon response
(IFN-1) is activated in UHRF1-knockdown LLC -OVA cells by examining the
transcriptional levels of interferon responsive genes including IRF genes, TLRs and
IFNs. We will also assessif UHRF1 knockdown in cancer cellsleads to an increase in
secretal IFNs. If we observe a significant upregulation of interferon signaling, we would
delineate the sensing pathways that potentially contribute to ERV pattern recognition
and IFN-I activation . Three major pathways are known to be involved with this pattern
recognition process: 1) TLR3 recognizes daible-stranded RNAs (dsRNAs), TLR7
recognizessingle-strand RNAs (ssRNAs), and TLR9 recognizes unmethylated ssDNAs

in the endosomal compartment249.25 The activation of three sensors will converge into
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the MyD88 signaling complex to trigger downstream responses; 2) dsRNAs are detected
by RIG-I and MDAS5 in the cytosol. Both signaling proteins will channel their activities t o
activate the MAVS pathway 254 3) dsDNAs from ERVs are recognized by cGAS to
activate the STING pathway in the cytosol2s, All these three pathways could contribute
to the phenotype of UHRFL1 silencing and they are not mutually exclusive. To

distinguish their contributions, we could use CRISPR technology to generate UHRF1
MyD88DKO, UHRF1 -MAVSDKO, and UHRF1 -STING DKO H1650 and LLC-OVA cell
lines. Using UHRF1KO, MyD88KO, MAVSKO, and STINGKO lines as controls, we
would monitor the levels of IFN - response genesat different time points as well as their
tumorigenic growth and the amount and types of tumor -infiltrating immune cells . If
certain DKO cell lines have reduced levels of IFN-I response genes and increased
tumorig enic growth, the corresponding knockdown genes would be the key sensors to

sense ERVs.

3.5.3 Future directions

In this project, we mainly interrogated the functionality of UHRF1 in the
syngeneic NSCLC mouse model. However, our studies still have limitatio ns. Orthotopic
tumor models are considered more clinically relevant to recapitulate human disease
progression and to better predict drug responses than subcutaneous tumor models?52.253
Our results from the subcutaneous tumor may not reflect the precise role of UHRF1 in

controlling eachstep of the complicated tumorigenesis and tumor progression process.
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As we mentioned earlier, we lack a comprehensive study using spontaneous NSCLC
mouse models to investigate the role of UHRF1 at each disease sige. The most
commonly used spontaneous NSCLC mouse model is the oncogenicKRa$2b-driven
lung adenocarcinoma model 2425 |t will be interesting to determine whether loss of
UHRF1 delays tumorigenesis in this spontaneous lung adenocarcinoma mouse model.
We speculate that UHRF1 plays distinct roles in different stages during tumor
progression. Since our results in Chapter 2 have shown that UHRF1 is critical for the
G1/S phase transition, we speculate that in the early tumor initiation stage when cell
hyperplasia can be observed,a cell proliferation defect may be the predominant
phenotype resulting from UHRF1 loss. However, at later stages when full -fledged
tumors develop and cell cycle checkpoints are evaded, discrete functions of UHRF1
besidescell proliferation regulation may be unmasked to affect tumor progression

potentially through reciprocal interaction swith the tumor microenvironment.
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4. Future Directions

The work in Chapter 2 d emonstrates the function of UHRF1 in regulating the
proliferation of airway basal stem cells. While the results provide someimplications for
the role of UHRF1 in one type of epithelial cells t, our and prior studies raise new
guestions about how UHRF1 exerts cell-type specific impacts on controlling cell
proliferation, cell death and cell fate specification 258, Moreover, in the pathologic
context, cancer, UHRF1 also have distinct fundions compared to primary cell s,and
tumor cells may not rely on the same amount of UHRFL1 to sustain cell proliferation as
primary cells. Our results also reveal that unlike the functionally related protein
DNMT1, UHRF1 can both positively or negatively regulate gene expression. Therefore,
there are many unaddressed questions primed for future investigation. We will provide
some explanations for the above questions and propose experiments to test these

possibilities in this c hapter.

4.1 The role of UHRF1 in controlling cell proliferation and cell
death

As we mentioned earlier in Chapter 1, Uhrfl null mice show growth arrest at
early gastrulation and die at embryonic day 12.5(E12.5}% The growth retardation of
Uhrfl null embryos is likely due to augmented cell death, ashistological examination of
these embryosrevealed increased cell apoptosi€. Consistent with this result, Uhrfl1-null

neural stem cells in the developing cortex have been reported to have increased cell
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death, resulting in neurodegeneration’. This paper further analyzed the underlying
mechanism of Uhrfl deficiency-mediated cell death. Loss of UHRF1 in neural stem cells
decreasesDNA methylation of the intracisternal A particle (IAP) family of endogenous
retroviral elements?. The transcription of IAP family members in turn stimulates
interferon responses, which may result in augmented cell death?. Given that knockout of
Uhrfl in colonic T regulatory cells or airway basal cells in adult mice leads to G1 cell
cycle arrest, these observations raise new questions about how UHRF1 controlscell
death versus cell proliferation in distinct cell types .

Intrinsic differences in cell cycle regulation of embryonic cells and somatic cells
possibly contribute to distinct phenotypes of Uhrfl deletion. Although cell cycle
regulation of embryos durin g post-implantation development is not well un derstood in
mice, the studies using ESCsisolated from the inner cell mass of blastocyst at E4, a pre-
implantation stage, have demonstrated a cell cycle progression with atruncated G1
phase?t3256 The cyclin D-CDK -retinoblastoma (Rb) protein pathway, a key signaling
cascade in regulatingthe G1/S cell cycle transitionin somatic cells, is not required in
ESCg13.256Since ESC chls do not have the G1/S checkpoint to regulate cell cycle
progression, Uhrfl deficiency does not impact ESC proliferation. Thus, lack of G1 cell
cycle checkpoint may offer explanations for the unaffected cell proliferation in Uhrfl null
embryos during early embryogenesis. To test this possibility, the first step is to

determine when augmented cell death occurs in Uhrf1 mutant embryos. It has been
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reported that the size of Uhrf1 mutant embryos at E9is smaller than normal E9 emrbyos,
suggesting that growth retardation prevails earlier than E9. Subsequently, whether the
cyclin D-CDK-Rb pathway is functional can be tested by immunoprecipitation
experiments using proteins isolated from embryos from E7 to E9. The
immunoprecipitation results can be utilized to determine whether the Rb protein is able
to form complexes with E2F transcription factors or whether cyclin D is found to
associate with CDKs.

Notably, at E7 to E9, it is possible that different lineages of cells from ectoderm,
mesoderm and endoderm of embryos have distinct responses toUhrfl deficiency. As the
previous report does not systematically investigate cell fate choices in Uhrl null
embryos, aclose examination of cell proliferation or cell death will provide insights into
a comprehensive understanding of the embryonic lethality phenotype. If a cell
proliferation defect occurs in specific lineages of Uhrfl null embryos, it will be
interesting to determine whether this proliferation defect is correlated with activation of

the functional cyclin D-CDK-Rb pathway in these cell types.
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G1 checkpoint

Figure 38. The distinct functions of UHRF1 in controlling cell proliferation in
ESCs and adult cells.

ESCs do not have the G1/S checkpoint to regulate cell cycle progression, while most
adult cells have the functional CyclinD/CDK/Rb pathway to regulate G/S transition. We
speculate that lack of G1/S checkpoint may be the reason for unaffected cell proliferation
in Uhrfl null ESCs. However, further analysis is required to test this possibility.

4.2 Functional comparison between UHRF1 and DNMT1

Although UHRF1 has been proposed to recruit DNMT1 to hemi -methylated sites
and to maintain epigenome integrity during DNA replication ¢, our results and previous
literature indicate that functional disparities may exist between UHRF1 and
DNMT1 2257258 There areseveral unaddressed questionsthat warrant further

investigation.

4.2.1 The functions of UHRF1 and DNMT1 in embryonic and adult
stages

First, doesUhrfl knockout phenocopy Dnmtl knockout in mice? At the

molecular level, both Uhrfl and Dnmtl null ESCsdemonstrate a similar phenotype,
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DNA demethylation in heterochromatin regions, retrotransposons and imprinting
geneg257, The majority of Dnmtl null embryos isolated at E10.5 are comparableo
normal E8.5-E9.5embryos?’. These embryos have started or completed turning, a
process of bringing the ectoderm to the outside of the embryo and the endoderm inside
after gastrulation 2%, By contrast, Uhrf1l homozygous mutant embryos isolated at E9.5 are
much smaller than normal counterparts 2. These mutant embryos have not turned within
the amnion2. Given that the turning of embryos usually initiates at E8.5, these results
suggest thatthe growth defect of Uhrfl null embryos occurs before E8.5, earlier than
Dnmtl null embryos. This raisesthe issue of mechanisms underlying this difference. A
detailed analysis of the temporal and spatial patterns of UHRF1 and DNMT1 expression
during post-implantation stages will contribute to increased understanding of functional
similarities or differences between UHRF1 and DNMT1 in developmental stages. For
example, further investigation can be carried out to test whether ident ified embryonic
regions with high UHRF1 expression are susceptible to cell death or cell proliferation
defects in Uhrfl null embryos and to test whether these affected regions in Dnmt1 and
Uhrfl null embryos can overlap.

Moreover, the functional differenc es between DNMT1 and UHRF1 have not been
examined in adult tissues.In adult airways, based on the published dataset we analyzed
in Chapter 2, the Uhrfl transcript highly elevated after injury, whereas no significant

changesin Dnmt1 transcription were observed*l. Thus, the experimental procedures
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described in Chapter 2 can be utilized in a more systematic fashion todevelop a
comprehensive understanding on the distinct and overlapping roles of UHRF1 and

DNMT1 in regulating somatic tissues.

4.2.2 The roles of UHRF1 and DNMT1 in regulating gene expression

Our results in Chapter 3 and prior studies have demonstrated that UHRF1 can
positively regulate gene expressiont13 which again highlights unanswered questions
about the preciseroles of UHRF1 and DNMTL1 in regulating euchromatic gene
transcription and heterochromatin silencing . Genome-wide chromatin
immunoprecipitation (ChlP) using DNMT1 or UHRF1 antibodies followed by DNA
sequencing may provide a global and detailed perspective on genomic sites targeted by
these two proteins. Based on our hands-on experience, there are no commercially
available UHRF1 antibodies suitable for ChlP-sequencing. An alternative strategy will
be to ectopically expresshistidine -tagged or Myc-tagged UHRF1 protein in conjunction
with CRISPR technology that reduces endogenous UHRF1 expressionand to pull down
genomic DNA using the antibody against the tag. In combination with RNA -
sequencing, analysis of these large-scale data may revealdifferentially regulated genes
or genomic regions by UHRF1 and DNMTL1.

In addition, a recent report has shown thatloss of UHRF1 reshapes the landscape
of histone modifications in the promoter regions of endogenous retroviruses (ERVs),and

results in disparate effects onERV transcription compared to loss of DNMT1 in ESCs,
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In this paper, the authors found that although certain ERVs in Dnmtl-/ ESCs are heavily
de-repressed,they remain silenced in Uhrfl1/- ESCs.In Dnmtl/- ESCs, UHRF1
accumulates on hemi-methylated sites and inhibits H3K9 deposition 26, Therefore, in
Dnmtl null ESCs, both DNA methylation and H3K9me3 are reduced leading to de-
repression of ERVs. By contrast, in Uhrf1/- ESCs,H3K9me3 deposition increases,
preventing induction of ERVs 2%, These data are quite surprising, as several prior studies
have proposed that UHRF1 promotes H3K9me3deposition during DNA

replication 410261 Thus, our understanding of how UHRF1 or DNMT1 dictates the
deposition of histone markers is still limited . We will discuss later how the binding of
UHRFL1 to specific genomic sites may change the accessibility of transcription factors to

chromatin by modulating the deposition of distinct histone markers.

4.3 The unique gene regulation capacity of UHRF1
4.3.1 The role of UHRF1 in gene repression

As we have discussed in Chapters 1 and 4, UHRF1 is essential for
heterochromatin maintenance and ERV suppression through DNA methylation 23,
Because of its involvement with DNA methylation, UHRFL1 is generally recognized a s a
negative gene regulator by transcriptionally suppressing gene expression(Figure
39A)57.8261.262 Although researchers have endeavored to determine bona fiddargets of
UHRF1, this protein seems to regulate disparate downstream molecules in a celttype

specific manners. 7.8, 195262
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In mouse ESCsthe most well-recognized targets of UHRF1 are ERV genesthat
reside in euchromatic regions and contain a high density of CpG content in their
promoter 2260 These promoter regions are heavily methylated to suppress transcription
of ERV genesand ensure genome integrity22 In other cell types, the most commonly
proposed targets of UHRF1 are several cyclindependent kinase inhibitors, such as
cyclin-dependent kinase inhibitor 1a (CDKN1A), CDKN2A and CDKNZ2B, and loss of
UHRFL1 in certain cell types leads to a cell-cycle-arrest phenotype526+263 |n human cancer
cell lines, the promoters of these cyclin-dependent kinase inhibitors have been
speculated to be highly methylated and silenced to achieve unrestrained
proliferation 225262263 Thys, loss of UHRFL1 in cancer cells can induce the reexpression of
cyclin-dependent kinase inhibitors through altering DNA methylation levels 225.262.263
However, based on ouJ wE O E wi@4dulis,Ilogslbf UHRF1 can also induce the
expression of these proteins in normal cells19 In addition, in human diploid [IMR90
fibroblasts, our data shows that p21 upregulation is due to a concomitant induction of
p53 upon UHRF1 knockdown. We alsofound that the promoter regions of CDKN2B are
hypomethylated , while we failed to observe significant changes of the methylation
status in the CpG islands of the CDKN2B promoter by bisulfite sequencing in HBE cells
This is consistent with prior findings suggesting that the transcription of CD KN2A/B is
usually regulated by several factors from the Polycomb complex, such as EZH2 and

BIM1, through histone modifications 264265 These dataindicate that additional
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mechanisms exist to regulate cyclin-dependent kinase inhibitors in UHRF1 deficient
cells.

One report using conditional Uhrfl knockout mice has shown that UHRFL1 represses the
expression of several differentiation genes in hematopoietic stem cells(HSCs) by DNA
methylation to prevent HSC differentiation to the erythroid lineage 8. However,
depletion of Uhrfl in neural stem cells in the developing cortex does not result in the
induction of differentiation genes but rather a cell death phenotype 7. Our results have
shown that loss of UHRFL1 in a type of progenitor cells, HBE cells, induces a proliferation
defect but does not affectcell diffe rentiation. Therefore, these data strongly emphasize
the need for an understanding of how UHRF1 suppr esses differentiation genes inone
type of stem cells but not others. It is possible that at the molecular level, UHRF1 may
interact with different effectors to carry out corresponding biological processes
depending on cellular context. Experimental techniques to determine putative targets of
UHRF1 should not be restricted to ChIP-sequencing and RNA sequencing. Identifying

binding partners of this protein by mass spectrometryin a cell-type specific manner may
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provide insights into the discrete functions of UHRF1 in different cellular contexts.
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Figure 39. The functions of UHRFL1 in regulating gene expression.

e
h“

This schematic diagram represents three possible ways of UHRF1 regulating gene
expression. (A) UHRF1 suppresses gene expression by promoting DNA methylation. (B)
UHRF1 can also bind to 5hmC, a marker usually associated with gene transcription
activation, to increase gene expresson. Whether UHRF1 promotes the loading of
additional factors to chromatin has not been studied. (C) UHRF1 may function as a
transcription factor and directly bind to specific DNA motifs independent of cytosine
modification to promote gene transcription.

4.3.2 The role of UHRFL1 as a positive gene regulator

In Chapter 3, we have shown that UHRF1 may positively control PD -L1
transcription by directly binding to the promoter region of CD274that encodesPD-L1.
Moreover, the association of UHRF1 with the promot er of CD274facilitates the binding
of RNA polymerase Il to the same region in a human NSCLC cell line. Our study is not

the only one to demonstrate that UHRF1 can serve as a positive gene regulator. Two
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previous reports also indicate that this epigenetic regulator can transcriptionally
promote the expression of DNA Topoisomerase |l (Top2a) and macrophage migration
inhibitory factor (MIF)113 Both studies seem to suggest that UHRF1 is able to bind to
DNA sequences that do not contain CpG sites. However, these findings fail to determine
whether UHRF1 function s as a transcription factor (TF) to directly promote gene
transcription or instead serves as a transcription co-activator to facilitate the binding of
other TFs to gene promoters. Together, dl these data strongly argue for a more
complicated role for UHRFL1 in regulating euchromatic gene expression. Our results and
the existing evidence suggest the following ways that UHRF1 can positively regulate
gene expression(Figure 39C).

The presumption that UHRF1 serves us a negative gene regulator derives from
the fact that UHRFL1 interacts with 5-methylated cytosine (5mC), an epigenetic marker
classically associated with gene suppression or silencing?319 Interestingly , accumulating
evidence hasshown that UHRF1 can bind with a similar affinity to 5 -
hydroxymethylcytosine (5hmC) compared to 5m(C238266.267 56hmC, functionally distinct
from 5mC, is found in transcriptional regulatory elements and positively correlated with
transcriptional activity 268270, Therefore, these data indicatethe possibility that UHRF1
can bind to 5hmC of euchromatic genes and promote gene transcription. It will be

intriguing to examine whether UHRF1 associates with 5hmC in the CD274promoter.
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Based on our ChIP-gPCR data, the regions bound by UHRF1 contain several CpG sites
that may have the 5hmC modification (Figure 39B).

As we have discussed earlier, in Dnmtl null ESCs, UHRF1 can antagonize
H3K9me3 deposition and promote the ERV gene IAP transcription 2%, This raises the
guestion how UHRFL1 reshapes the landscape of histone posttranslational modifications
to alter gene expression.To address this question, genomewide chromatin analysis
using antibodies against different post -translational histone modifications can be
performed to understand global and specific histone modification pattern ¢ hanges. It is
possible that in euchromatic gene bodies or promoters, the binding of UHRF1
antagonizes the deposition of repressive histone maodification markers, such as
H3K9me3 and H3K27me3, which in turn increases gene transcription. Whether this
functio n is achieved by distinct domains of UHRFL1 requires further studies using
UHRF1 mutants.

Taken together, this work and numerous published studies accentuate the
complex but pivotal role of UHRFL1 in regulating diverse biological processes in a tissue
and cdl -type specific manner. Subsequent investigations will help us to understand the
intricate role of UHRFL1 in regulating DNA methylation and histone modifications and
to underpin the binding partners of this protein, which in turn will provide possible

mechanisms underlying the diverse biological processes controlled by UHRF1. These
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molecular mechanisms may also help to shed light on the dysregulated role of UHRF1 in

pathologic conditions, such as cancer.
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Appendix A

cPPT
EcoRI (6822) ORF frame 2
Agel (6816) Spel (253)
Ndel (6748) Ascl (342)
LKO1_5_primer BamHI (510)
hU6_promoter ORF frame 1
Clal (6530) ORF frame 1
puro (variant) Kpnl (1189)
cPPT
U3PPT
delta_U3
ORF frame 3 HIV-1_5_LTR
RRE truncHIV-1_3 LTR
Nrul (5344) SV40_PA_terminator
HIV-1_psi_pack EBV_rev_primer
SV40_origin
pLKO.1 puro
truncHIV-1_3_LTR
HIV-1_5_LTR Ncol (1763)
T3 promoter SV40pro_F_primer
M13_reverse_primer T7_promoter

M13_pUC_rev_primer
lac_promoter

M13_forward20_primer
M13_pUC_fwd_primer

lacZ_a
f1_origin
pBR322_origin AmpR_promoter
Ampicillin
ORF frame 1

The vector map of pLKO.1. The image isadapted from https://www.addgene.org/ .
ShRNAs are inserted into the EcoRI and Agel restriction sites.
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Appendix B

ORF frame 1 pCAG_F_primer
Eagl (10337) Clal (480)
CAG_enhancer Gag_HIV (variant)
ORF frame 1

AmpR_promoter

ORF frame 2
Ampicillin
Fspl (8668) Bell (2078)
EcoRV (2628)
psPAX2
10668 bp
EBV_rev_primer
ORF frame 3

SV40_PA_terminator
Stul (7219)
SV40_promoter
SV40pro_F_primer
SV40_origin
lac_promoter
M13_pUC_rev_primer
M13_reverse_primepglop PA_terminator

Nhel (6377) Aflll (4392)
HIV_Rev_NES cPPT
ORF frame 1 Sacl (5012)
RRE

The vector map of psPAX2. The image is adapted from https://www.addgene.org/ .
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Appendix C

AmpR_promoter
pGEX_3_primer

f1_origin
BamHI (3560)
Clal (3553)

ORF frame 1
Ampicillin

Hpal (3458)
EBV_rev_primer
Eagl (3315)
Notl (3315)
Smal (3311)
Xmal (3309)
Sall (3304)
Xbal (3298)
VSVG Tag
BstBI (3009)

VSV.G

5551 bp

pBR322_origin
pPBR322_origin
Balll (667)

Stul (2447)
vsv-G

ORF frame 2
Agel (2729)
Kpnl (2760)

Spel (824)
CAG_enhancer
CMV_immearly_promoter
CMV_fwd_primer
CMV_promoter

pCEP_fwd_primer
Sacl (1393)
LNCX_primer
Hindlll (1420)
chim_int
T7_promoter

Nhel (1724)

Xhol (1730)

EcoRI (1735)

The vector map of VSV.G. The image is adapted from https://www.addgene.org/ .

152



https://www.addgene.org/

Appendix D

89 down-regulated genes in UHRF1 -knockdown HBE cells

Symbol Log2(sh1l/shNT) | Probability Log2(sh2/shNT) Probability
SBSN -1.93 0.81 -1.41 0.77
SCARNA7 -1.81 0.81 -1.09 0.74
CENPF -1.69 0.82 -1.38 0.79
KIF15 -1.66 0.76 -1.44 0.73
CDC20 -1.56 0.84 -1.29 0.81
MAD2L1 -1.51 0.82 -1.34 0.81
HJURP -1.47 0.81 -1.24 0.80
SPC24 -1.46 0.79 -1.30 0.78
BUB1B -1.46 0.81 -1.21 0.79
KIF20A -1.43 0.81 -1.25 0.80
DKK1 -1.43 0.82 -1.42 0.82
BUB1 -1.41 0.81 -1.19 0.79
CDCA3 -1.41 0.81 -1.22 0.79
TOP2A -1.40 0.82 -1.18 0.80
CCNA2 -1.40 0.82 -1.19 0.80
CKAP2L -1.40 0.81 -1.07 0.78
GINS2 -1.37 0.80 -0.83 0.71
MYBL2 -1.34 0.81 -1.06 0.78
HELLS -1.33 0.77 -1.15 0.75
DTL -1.33 0.79 -1.20 0.77
ARHGAP11A | -1.33 0.79 -1.20 0.78
CENPE -1.32 0.80 -1.11 0.78
TFAP4 -1.31 0.77 -1.17 0.75
GTSE1 -1.31 0.78 -1.03 0.74
ERCC6L -1.30 0.76 -1.06 0.74
NEIL3 -1.29 0.73 -1.68 0.78
KIF11 -1.29 0.80 -1.03 0.77
FAM83D -1.29 0.80 -1.21 0.79
PLK1 -1.29 0.81 -1.01 0.78
ANLN -1.29 0.81 -1.13 0.80
SPAG5 -1.29 0.79 -1.02 0.76
CCNB1 -1.28 0.81 -0.90 0.75
CDCA2 -1.28 0.77 -1.16 0.76
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KIF2C -1.28 0.80 -1.17 0.79
TPX2 -1.27 0.81 -1.05 0.78
KIF14 -1.27 0.76 -1.06 0.73
KIF4A -1.27 0.77 -1.11 0.75
TACC3 -1.21 0.80 -0.97 0.76
KIFC1 -1.20 0.79 -1.04 0.77
CDC6 -1.18 0.79 -1.08 0.78
DHFR -1.17 0.79 -1.02 0.77
SHCBP1 -1.14 0.78 -1.05 0.76
ATAD2 -1.14 0.78 -0.94 0.73
TMEM97 -1.12 0.79 -1.14 0.79
HNRNPA1 -1.12 0.77 -1.28 0.79
SLC7A11 -1.11 0.73 -1.13 0.74
PRIM1 -1.11 0.76 -1.54 0.80
IQGAP3 -1.11 0.76 -1.04 0.75
KIF20B -1.09 0.77 -1.13 0.78
SNRPD1 -1.09 0.79 -1.08 0.79
MCM6 -1.08 0.78 -1.19 0.79
NDC80 -1.08 0.76 -0.88 0.71
CDT1 -1.08 0.75 -1.19 0.77
CCNB2 -1.08 0.78 -0.87 0.73
DEK -1.06 0.75 -1.25 0.77
KIAA0101 -1.06 0.72 -1.78 0.80
MCM5 -1.05 0.77 -0.89 0.73
BLM -1.05 0.71 -1.07 0.72
PRR11 -1.05 0.77 -1.24 0.80
CCDC18 -1.03 0.71 -1.02 0.71
ASF1B -1.01 0.76 -0.83 0.71
CHAF1B -1.01 0.73 -1.13 0.76
PBK -1.01 0.76 -1.28 0.80
CRCT1 -1.01 0.77 -0.93 0.74
TRIP13 -1.00 0.75 -1.01 0.76
NCAPG2 -1.00 0.75 -0.93 0.73
GINS4 -0.99 0.71 -1.23 0.76
DBF4 -0.99 0.74 -0.99 0.74
HMGB1 -0.97 0.77 -0.83 0.74
CENPH -0.95 0.73 -1.04 0.76
MZT1 -0.92 0.71 -1.02 0.74
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VRK1 -0.92 0.74 -0.78 0.71
ODC1 -0.92 0.75 -1.13 0.80
SMC3 -0.91 0.74 -0.73 0.71
TIPIN -0.91 0.71 -0.90 0.71
FEN1 -0.90 0.74 -0.77 0.72
LMNB2 -0.90 0.75 -0.69 0.71
CTNNAL1 -0.89 0.74 -0.79 0.72
NCAPD2 -0.88 0.73 -0.78 0.71
PHGDH -0.88 0.72 -1.50 0.82
EXOSC2 -0.85 0.71 -0.84 0.71
CHAF1A -0.83 0.71 -0.86 0.72
PARP1 -0.81 0.73 -0.69 0.70
CDCA5 -0.81 0.70 -0.95 0.74
FBL -0.77 0.72 -0.74 0.72
NCL -0.76 0.72 -0.76 0.73
MTHFD1 -0.74 0.71 -0.73 0.71
TIMM10 -0.72 0.70 -0.90 0.74
SSRP1 -0.71 0.71 -0.66 0.70
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