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Abstract

Pancreatic neuroendocrine tumors (panNETs) are a rare malignancy that is difficult
to treat. Since a considerable number of panNETs exhibit high mTOR pathway
activity, current therapeutic strategies for advanced panNETs often involve the use
of mTOR inhibitors. Recently, there has been discussion regarding the potential
benefits of combining mMTOR inhibition with therapies targeting cellular metabolism.
These are based on observations that mTOR signalling also impacts mitochondrial
functions and the expression of nuclear-encoded mitochondria-related genes.
However, the precise interaction between mTOR and mitochondrial function,
particularly in the context of panNETs, remains poorly understood. Consequently,
the objective of this study is to identify proteins that connect these two systems and
assess the functional implications of this relationship.

In the present study, a well-characterized cohort of 157 panNETs was established.
We identified pS6 as a reliable biomarker for the mTOR pathway activity in panNET,
as we revealed that 22 % of the investigated panNET exhibit mTOR pathway activity
by expression analysis of pS6. We could verify this finding by identifying the
mTORc1 pathway as the most upregulated pathway in panNET with activated mTOR
pathway using RNA-sequencing and gene set enrichment analysis (GSEA). In
addition, we were able to identify two mitochondria related proteins as targets of
mTOR in panNET. RNA sequencing of panNET tissue and cell lines highlighted
PGC1a as the most significantly upregulated gene in tumors with activated mTOR
and in the BON1 cell line control group that was compared to BON1 cells treated
with mTOR inhibitors. Furthermore, mortalin was found to be highly upregulated in
high-grade panNETs with elevated mTOR activity. Interestingly, PGC1a was shown
to influence mTOR pathway activity, while mortalin did not impact mTOR signaling.
We could not find any correlation between somatic mutations in the mitochondrial
DNA and the mTOR pathway activity

In summary, these findings offer valuable insights into the molecular interactions
between mTOR signalling and the mitochondria-related proteins mortalin and
PGC1a in panNETs. This may pave the way for new treatment options for this rare

tumor entity, offering benefits for patients.



Zusammenfassung

Pankreatische neuroendokrine Tumore (panNETs) stellen eine seltene, schwer
behandelbare Krebserkrankung dar. Ein erheblicher Anteil dieser Tumoren weist
eine erhohte Aktivitat des mTOR-Signalwegs auf, weshalb Inhibitoren dieses
Signalwegs Teil der Therapie bei fortgeschrittenen panNETs sind. In den letzten
Jahren wurde diskutiert, ob eine Kombination aus mTOR-Inhibitoren und Therapien,
die den Zellstoffwechsel gezielt ansprechen, zusatzliche Vorteile bieten kdnnte.
Diese Uberlegungen basieren auf der Erkenntnis, dass der mTOR-Signalweg auch
mitochondriale Funktionen und die Expression mitochondrialer nuklear kodierter
Gene beeinflusst. Die genaue Wechselwirkung zwischen mTOR und
mitochondrialen Faktoren, insbesondere in panNETs, ist jedoch bislang wenig
erforscht. Ziel dieser Studie war es daher, Gene und Proteine zu identifizieren, die
diese beiden Systeme miteinander verbinden.

In der vorliegenden Arbeit wurde eine Kohorte von 157 panNETs untersucht. pS6
wurde als zuverlassiger Biomarker fur die mTOR-Aktivitat identifiziert, wobei in 22 %
der Tumore ein aktivierter mTOR-Signalweg nachgewiesen werden konnte. Dieses
Ergebnis wurde mittels RNA-Sequenzierung und GSEA-Analyse bestatigt. Es konnte
nachgewiesen werden, dass der mTORc1-Signalweg in Tumoren mit erhdhter
mTOR-Aktivitat der am starksten hochregulierte Signalweg ist. Im Rahmen der RNA-
Sequenzierung wurde aullerdem PGC1a als das am starksten hochregulierte Gen in
Tumoren mit aktiviertem mTOR-Signalweg identifiziert. Eine vergleichbare
Hochregulation von PGC1a zeigte sich auch in unbehandelten BON1-Zellen im
Vergleich zu BON1-Zellen, die mit mTOR-Inhibitoren behandelt wurden. Zudem war
Mortalin in fortgeschrittenen panNETs mit erhohter mTOR-Aktivitat stark
hochreguliert. Interessanterweise konnte aullerdem gezeigt werden, dass PGC1a
Einfluss auf den mTOR-Signalweg nimmt, wahrend Mortalin keinen Einfluss zu
haben scheint. Eine Korrelation zwischen somatischen Mutationen in der
mitochondrialen DNA und der mTOR-Aktivitat konnte nicht nachgewiesen werden.
Zusammenfassend liefern diese Ergebnisse wertvolle Einblicke in die molekularen
Interaktionen zwischen dem mTOR-Signalweg und mitochondrialen Proteinen, die

potenziell neue therapeutische Ansatze fur diese seltene Tumorform eroffnen.
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1. Introduction

1.1 Neuroendocrine tumours of the pancreas (panNET)

1.1.1 The Pancreas

The pancreas is located behind the stomach in the retroperitoneal space (Fig. 1,
Manser, 2013). The organ is 15 to 20 cm long and consists of three anatomical
parts: the tail (Cauda), body (Corpus), and head (Caput) (Fig. 1, Manser, 2013). The
head is connected to the duodenum via the pancreatic duct (Fig. 1, Manser, 2013).
Histologically and functionally, the pancreas is divided into an exocrine and
endocrine component (Schinke et al., 2018). The exocrine part of the pancreas
consists of multiple glands that produce digestive enzymes (Schinke et al., 2018).
These enzymes are needed for the breakdown of nutrients like carbohydrates or fats
in the small intestine (Schinke et al.,, 2018). The endocrine component of the
pancreas consists of clusters of epithelial cells known as islets of Langerhans, which
are scattered along the exocrine part (Schinke et al., 2018). These epithelial cells
can be divided into five different endocrine cell types that are named after the Greek
alphabet (alpha, beta, delta, epsilon, upsilon; Schiinke et al., 2018). These five
endocrine cell types can secret a wide variety of hormones, with insulin and
glucagon being the most important ones, as they regulate blood sugar levels
(Schunke et al., 2018).

A B

Pancreatic Tail
Panceratic Head (Cauda pancreatis)
(Caput pancreatis) \

Stomach Pancreatic Duct

(Ductus pancreaticus)
Pancreatic Body
Gallbladder (Corpus pancreatis)

Small intestine ‘ : Pancreas

Figure 1: Localization and anatomy of the pancreas.

A) Localization of the pancreas. The pancreas is located behind the stomach, underneath the liver
and above the colon in the retroperitoneal space. B) Anatomy of the pancreas. The pancreas consists

of the three anatomical parts head, body and tail. (modified according to Schiinke et al., 2018)
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1.1.2 Epidemiology of panNET

Neuroendocrine tumours (NET) are a heterogeneous group of slowly growing
cancers that arise from the diffuse neuroendocrine system (Scott & Howe, 2019;
Storni et al., 2021). In comparison to other tumour entities they are rare malignancies
with an incidence of about 7 per 100.000 people per year (Storni et al., 2021). NETs
can be located in a variety of organs but up to 70 % occur in the gastrointestinal tract
and pancreas (Maharjan et al., 2021; Oronsky et al., 2017; Storni et al., 2021). With
regard to the pancreas, that means that 2 % of all tumours occurring in this organ
are defined as NETs (Dasari et al., 2017). Most panNETs are sporadic but up to 10%
are associated with inherited cancer syndroms like the Multiple endocrine neoplasia
type 1 or the von-Hippel-Lindau syndrome (Jensen et al.,, 2008; Lehnert, 2015;
Maharjan et al., 2021). While hereditary panNETs are more common in younger
patients, sporadic panNETs are most frequently diagnosed in patients between the
ages of 30 and 60 years (Lehnert, 2015). In total, the mean age at diagnosis is
between 57 and 58 years without clear differences between the sexes regarding the

occurrence of tumours (Greenberg et al., 2022; Scott & Howe, 2019).

1.1.3 Classification of panNET

Classification of NET is based on three categories: site of origin, proliferation index
and the appearance of hormone release (Giuseppe Lamberti et al., 2018).

The proliferation index is identified by immunohistochemical staining of the
proliferation marker Ki-67 according to the guidelines of the World Health
Organization (WHO; Rindi et al., 2022). Based on this classification, NETs are
divided into G1, G2 or G3 tumours (Table 1).

Table 1: Grading of NET according to the WHO-classification from 2019.

Grading Ki-67 [%]
G1 <3
G2 3-20
G3 >20

In addition to this proliferation-based classification, the European Neuroendocrine
Tumour Society (ENETS) and the American Joint Committee on Cancer/Union for
International Cancer Control (AJCC/UICC) brought the TNM-staging system to life.
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This system covers more information about the tumour, including size and extend of
the primary tumour (T), the appearance of lymph node metastasis (N) and the

presence of distant metastasis (M) (Table 2; Kléppel et al., 2010).
Table 2: TNM-Classification of NET.
(and Ferreira-Silva et al., 2024; modified according to Wittekind, 2017)

T (primary tumour)

To No primary tumour

T1to T4 Primary tumour detected

Classification according to size and extend of the
primary tumour

N (lymph node metastasis)

No No lymph node metastasis

N1 bis N3 Lymph node metastasis detected

Classification according to localization and

frequency
M (distant metastasis)
Mo No distant metastasis
M1 Distant metastasis detected
Anatomic stage
Stage | T+ No Mo
Stage IIA T2 No Mo
Stage 1IB T3 No Mo
Stage 1A T4 No Mo
Stage IIIB Any T N1 Mo
Stage IV Any T Any N M

1.1.3.1 Hormonal release and clinical symptoms of panNET

Beside the proliferation index, panNETs can be categorized according to their ability
to release hormones into the surrounding tissue. They can be divided into two
groups: functional and non-functional tumours. Around 60 to 90% of panNET are
non-functional, which means that they can secrete hormones but in a quantity that

do not trigger any specific symptoms (Guilmette & Nosé, 2019; Maharjan et al.,
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2021). In contrast, functional panNET also secrete hormones but in a quantity that
leads to unspecific symptoms like shortness of breath, diarrhoea and rapid heartbeat
as well as hormone specific symptoms in patients (Guilmette & Nosé€, 2019; Lehnert,

2015; Storni et al., 2021). The hormone specific symptoms are listed in Table 3.

Table 3: Classification of functional panNET.

(Paniccia et al., 2015)

Tumour Hormone Symptom Inmg/eo]nce
Insulinoma Insulin Hypoglycemic 35-40
Gastrinoma Gastrin Zollinger-Ellison syndrome 16 - 30

Rashes,
Glucagonoma Glucagon Malfunction of the glucose <10
balance

Vasoactive intestinal

ViPoma polypeptide

Verner-Morrison-Syndrome <10

Somatostatinoma Somatostatin Diabetes <5

1.1.4 Therapy of panNET

Besides early diagnosis, effective therapy is critical for survival of patients. The only
curative therapy for panNET consist of the resection of the tumour, which is mostly
implemented for primary, non-metastatic tumours (Akirov et al., 2019; Ro et al.,
2013; Storni et al., 2021). Systematic therapies are often used for disease control
and minimization of symptoms in patients with metastases and residual disease
(Maharjan et al., 2021; Scott & Howe, 2019). These therapies include so called
somatostatin analogues that are mostly used in functional panNETs as they are
effective against hormone production (Ro et al.,, 2013). Although there is no clear
evidence that these analogues are beneficial for patients with non-functional
panNET, they seem to suppress tumour growth in this group (Lamberts, 1988;
Sidéris et al., 2012). In the last few years, inhibitors of the mechanistic Target of

Rapamycin (mTOR) have become important for the therapy of panNET.

1.2 The mTOR signalling pathway

The mTOR signalling pathway is a network that integrates a wide variety of
biological processes that contribute to cellular homeostasis and metabolism
(Laplante & Sabatini, 2012; Panwar et al., 2023; Saxton & Sabatini, 2017). The

centre of this pathway is the mTOR protein that has a dual kinase activity as it
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phosphorylates serine/threonine or tyrosine kinases (Panwar et al., 2023). Moreover,
the mTOR protein forms the catalytic subunit of the two functional complexes mTOR-
complex1 (mTORc1) und mTOR-complex2 (mTORc2) (Liu & Sabatini, 2020; Panwar

et al., 2023). The exact structure of the complexes is shown in Figure 2.

Kinase active site

A)  mTORC1 mLST8 —

o |

1

|
( HEATrepeats | FAT (FRB [ Kinase [ FATC ()
mTOR T

Cowron [

B) mTORC2 Kinase active site

froroRTA

v
( RICTOR  mLST8|
* ki

( HEATrepeats [ FAT (FRB [ Kinase [ FaTC () RICTOR
mTOR T

Coeron )

Figure 2: Structure of mMTORc1 and mTORc2.

FKBP12-
rapamycin

RAPTOR

mTOR

The domain structure of the catalytic subunit mTOR (in green) includes various binding sites for the
subunits of mTORC1 (A) and mTORC2 (B). The catalytic subunit of mTOR consists, in both
complexes, of HEAT repeats (comprising clusters of Huntingtin, the elongation factor 3, a subunit of
protein phosphatase 2A, and TOR1 or TOR2), followed by a FRAP, ATM, and TRRAP (FAT) domain,
as well as the FKBP12-Rapamycin-binding domain (FRB), the catalytic kinase domain, and the C-
terminal FATC domain. Additionally, the structure of mMTORC1 (A) includes Raptor as a defined
subunit, which recruits PRAS40 (an insulin-regulated mTORC1 inhibitor). In mTORC2 (B), the
additional subunits of the multiprotein complex comprise mLST8, DEPTOR, and RICTOR as defined
components. Moreover, RICTOR recruits the protein associated with rictor 1 or 2 (PROTOR1/2) along
with the MAPK-interacting protein (mSIN1) as scaffold proteins. (modified according to Liu & Sabatini,
2020).

Besides their slightly different composition, both complexes differ in their activation,
function, and sensitivity against the mTOR-inhibitor rapamycin. While both
complexes can be activated by signals from growth factors, mTORc1 mainly

processes information about nutrients, hormones, amino acids and hypoxia (Tian et
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al., 2019). In terms of their functions, the mTORc1 is well known for its role in the
protein biosynthesis, nucleotide synthesis and the regulation of different metabolism,
whereas mTORCc2 regulates the organization of the cytoskeleton, cell survival and
cell proliferation (W. Fu & Hall, 2020; Panwar et al., 2023; Saxton & Sabatini, 2017).
It has been shown that the function of mTORc1 can be prevented by inhibition using
rapamycin (Kang et al., 2013). For mTORc2 it has long been postulated that this
inhibitor has no impact on its activity. Nevertheless, a study from Sarbassov et al.
showed that extended incubation with rapamycin (up to 24 hours) can lead to
inhibition of mMTORc2 in a variety of carcinoma cell lines (Dos D. Sarbassov et al.,
2006).

1.2.1 Downstream of mTORc1

The mTORc1 integrates stimuli from a variety of nutrients and growth factors for
promotion of the synthesis of nucleotides, lipids and proteins (Saxton & Sabatini,
2017). At the same time, mTORc1 supresses catabolic processes like autophagy
(Saxton & Sabatini, 2017).

In case of the protein synthesis, the p70S6 Kinase 1 (S6K1) and elF4E Binding
Protein (4EBP1) are the two most well-known downstream targets of mTORc1. The
S6K1 is directly phosphorylated by mTORc1 at T389, leading to phosphorylation of
the ribosomal protein S6 (S6), a component of the 40S subunit of ribosomes (Dennis
et al., 1998; Meyuhas, 2015). The S6 protein than activates different targets that are
involved in mRNA translation initiation, leading to increased protein synthesis (Holz
et al., 2021; Saxton & Sabatini, 2017). The second downstream target of mTORcf1,
4EBP1, promotes 5'cap-dependent mRNA translation by preventing the assembly of
the elF4F complex trough binding of the elF4E (Saxton & Sabatini, 2017).

In case of the lipid/nucleotide and glucose metabolism, the mTORc1 controls
different transcription factors. Two interesting targets in this context are the Hypoxia-
inducible factor 1a (HIF1a) and the sterol responsive element binding protein
(SREBP) (Saxton & Sabatini, 2017). While the SREBP controls the expression of
genes involved in fatty acid and cholesterol biosynthesis (Porstmann et al., 2008),
the HIF1a promotes the expression of a variation of glycolic enzymes (Duvel et al.,
2010). Both transcription factors are directly activated by mTORc1 trough
phosphorylation or indirect trough interaction of mTORc1 with target related
inhibitors (Duvel et al., 2010; Peterson et al., 2011).
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In addition to controlling these anabolic processes, mTORc1 also influences a
variation of catabolic systems. One catabolic process that is suppressed by mTORc1
to promote cell survival and growth is the autophagy. The mTORc1 controls this
process through the interaction with key activators like the 5' AMP-activated protein
kinase or through impairment of transcription factors like TFEB (J. Kim et al., 2011;
Martina et al., 2012).

1.2.2 Downstream of mTORc2

Although the role of mTORc2 is not well understood, one of the main functions of
mTORc?2 is to control the organization of the cytoskeleton (Saxton & Sabatini, 2017).
This duty is mediated by the interaction of complex 2 with several members of the
Protein kinase C family (Saxton & Sabatini, 2017). For example, mTORc2 controls
PKCa and PKCy (Saxton & Sabatini, 2017). These two proteins have been
described to contribute to remodelling of the actin cytoskeleton and cell migration in
different fibroblasts as well as brain and Purkinje cells (Jacinto et al., 2004;
Thomanetz et al., 2013).

Besides its role in the organization of the cytoskeleton, mTORCc2 is also described in
the context of the PISK/AKT pathway (D. D. Sarbassov et al., 2005). This pathway is
one of the most important intracellular systems in cells, contributing to a variety of
cell survival related biological processes like proliferation, growth and metabolism (D.
D. Sarbassov et al., 2005). The mTORc2 phosphorylates and activates the Protein
kinase B (AKT), a key component of this pathway (D. D. Sarbassov et al., 2005).
Although mTORc2 seems to be one of the main control points of AKT, it should be
mentioned that mTORc2-dependent phosphorylation does not seem to be required
for all AKT related interactions (D. D. Sarbassov et al., 2005). For example, it has
been shown that the phosphorylation of TSC2 trough AKT seems to be independent
of the protein complex (Guertin et al., 2006; Jacinto et al., 2006).

1.2.3 mTOR and cancer

The mTOR signaling pathway is one of the most frequently mutated pathways in a
wide variety of tumour entities. Especially the upregulation of the mTOR pathway
activity has been connected to high tumour growth and progression in different
studies (Hua et al, 2019; Saxton & Sabatini, 2017). In panNET,
immunohistochemical examinations revealed a high percentage of tumours with

upregulated mTOR pathway activity, whereby the exact numbers differ between 33
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% in a study from Lamberti et al. and 26 to 52 % in a study from Komori et al.
(Komori et al., 2014; G. Lamberti et al., 2017). In both studies, the dysregulation of
mTOR was correlated with high invasion, high proliferation and an advanced-stage
of panNET (Komori et al., 2014; G. Lamberti et al., 2017).

In general, overexpression of mMTOR in cancer can be associated with three different
biological reasons: mutations in the mTOR gene itself, mutations in different
components of mMTOR and mutations of upstream targets of mTOR. Mutations in the
mTOR gene itself are rarely found in human cancer types but studies showed that
these mutations are correlated with the activation of the mTOR signaling pathway in
colorectal cancer cells and mice fibroblasts (Edinger & Thompson, 2004; Sekuli¢ et
al., 2000). Moreover, a comparison of different tumour genome sequencing data
revealed 33 mutations in the C-terminal region of mTOR that have the potential to
induce pathway hyperactivation (Grabiner et al., 2014). Grabiner et al. showed that
these mutations appear in a wide variety of cancer types and they suggest that the
activation of the mTOR complex may be attributed to an inhibited interaction
between mTOR and its regulatory subunit DEPTOR (Grabiner et al., 2014).

Besides mutations in the mTOR gene itself, genetic aberrations in different
components of the two mTOR complexes have also been associated with elevated
mTOR pathway activity (Conciatori et al., 2018). Especially the subunit RICTOR of
mTORc2 seems to be linked to pathway hyperactivation (Conciatori et al., 2018).
Enrichment of RICTOR has been observed in non-small-cell lung cancer and breast
cancer (Cheng et al., 2015; Morrison Joly et al., 2016; Pilotto et al., 2017).

The most frequently reason for hyperactivation of the mTOR pathway is the
occurrence of mutations in various upstream targets of mTOR. These mutations
manifest as loss-of-function mutations in tumour suppressor genes and gain-of-
function mutations in oncogenes (Conciatori et al., 2018; Tian et al.,, 2019). For
example, mutations in the tumour suppressor PTEN, KRAS and BRAF are
associated with upregulated mTOR pathway activity and could be observed in breast
cancer, kidney cancer and NETs (Conciatori et al., 2018; DeGraffenried et al., 2004,
Scarpa et al., 2017; Zoncu et al., 2011). In panNET, a whole-genome sequencing
analysis also identified PTEN as one of the most frequently mutated genes taken
together with MEN1, DAXX and ATRX (Jiao et al., 2011; Scarpa et al., 2017). This

observation is supplemented by the finding that the mTOR signaling pathway is one
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of the top three upregulated pathways in 102 primary panNETSs, right after chromatin
remodelling and DNA damage repair (Scarpa et al., 2017).

1.2.4 Inhibitors of the mTOR signaling pathway

Inhibitors of the mTOR signaling pathway are a central element in the targeted drug
therapy of well or moderately differentiated and metastatic panNET. In general, there
are three different groups of inhibitors that are already used for treatment of patients

or are in clinical trial.
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Figure 3: Inhibition of the mTOR signaling pathway.

There are three categories of inhibitors of the mTOR signaling pathway. Firstly, the rapalogs that
consists of derivate of rapamycin and mainly inhibit the activity of the mTORc1 through impairment of
the mTOR-Raptor relationship. Secondly, ATP competitive inhibitors that perform allosteric interaction
with the ATP-binding pocket and therefore inhibit mTORc1 and mTORc2. Thirdly, dual PI3K/mTOR
inhibitors that inhibit both mTOR complexes as well as PI3K, due to the sequence homology of PI3K
and mTOR. (Malley & Pidgeon, 2016)

The first group of mTOR inhibitors consists of rapalogs, which are water-soluble
derivates of rapamycin with a good pharmacokinetic (Hua et al., 2019). They inhibit
the mTOR pathway by impairing the relationship between mTOR and its subunit
Raptor through interaction with the 12 kDa FK506-binding protein (FKBP12) (J. Chen
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et al., 1995; Chiarini et al., 2019). Interestingly, these substances do not induce
apoptosis or other cell death related mechanisms, they only lead to cell growth arrest
(Hua et al., 2019). As Raptor is a subunit of mTORc1, this inhibition leads to
downregulation of the mTORc1 activity without affecting mTORc2. The best-known
rapalogs are everolimus (trade name: Afinitor®) and temsirolimus (trade name:
Torisel®), which were initially used to treat renal cell carcinoma but were later
approved for the treatment of advanced breast cancer and panNET (Figure 3, Hua et
al., 2019; Roskoski, 2022). Although the efficiency of rapalogs has been clinically
proven in different tumour entities, there are no established biomarkers for the
response of patients to these substances. There has been a study that postulate
KRAS as a prognostic marker for resistance of patients to rapalog induced mTOR
inhibition (Yeung et al., 2017).

The second group of mTOR inhibitors consists of ATP competitive inhibitors. These
substances inhibit both mTOR complexes, as they directly target the ATP-binding
pocket of mMTORc1 and mTORCc2 trough allosteric interaction (Amin et al., 2021; Neil
et al., 2016). In comparison to rapalogs, ATP competitive inhibitors not only lead to
cell growth arrest, they also induce apoptosis. Two known ATP competitive mTOR
inhibitors are MLNO18 (Sapanisertib) and AZD2014 (Vistusertib), which are being
investigated for use in various tumour entities such as leukaemia, breast cancer and
colorectal cancer (Figure 3, Gokmen-Polar et al., 2012; Guichard et al., 2015; Rashid
et al., 2018).

The third and last group consists of dual PI3K/mTOR inhibitors. These inhibitors are
based on the observation that the lipid kinase PI3K has high sequence homology
with mTOR in its hinge-region (Feldman & Shokat, 2010; Panwar et al., 2023;
Schenone et al.,, 2011). Therefore, these inhibitors not only inhibit both mTOR
complexes, they also impair the activity of PI3K (Feldman & Shokat, 2010; Schenone
et al., 2011). Representatives of this group include NVP-BEZ235 (Dactolisib) and
GDC-0980 (Apitolisib) that are still in clinical trial (Figure 3, Dolly et al., 2016; Shi et
al., 2018).

In addition to these specific inhibitors of the mTOR signaling pathway, multikinase
inhibitors such as sunitinib (trade name: Sutent®) are also used in the treatment of
panNET. Especially kinases that influence tumour growth, angiogenesis and
metastasis are of interest in this context (Chow & Eckhardt, 2007). Furthermore,

there has been recent discussion regarding the potential benefits of combined
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treatment of mMTOR inhibitors with inhibitors targeting cellular metabolism for patients
(Tsoli et al., 2018).

1.3 Mitochondria and cancer

The development and formation of malignant tumours as a consequence of
neoplastic disease is very complex. For a better understanding of this process, the
most important characteristics of tumour formation have been summarized under the
term “hallmarks of cancer” (Figure 4), including resistance of cell death, activation of
invasion/metastasis and deregulation of cellular energetics (Hanahan, 2022).
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Figure 4: The hallmarks of cancer.

The capabilities of neoplastic disease to form malignant tumours can be summarized in ten different

categorize. (modified according to Hanahan, 2022)

Especially deregulation of cellular energetics has been described for a long time, as
Warburg et al. discovered the so-called Warburg effect in 1924 (Warburg, 1924).
This effect is based on the observation that tumours produce high amounts of lactate
in the presence of oxygen by a process called “aerobic glycolysis”, while normal cells
produce energy by the mitochondria related oxidative phosphorylation (Liberti &
Locasale, 2016; Wallace, 2012; Warburg, 1924). Although the aerobic glycolysis is
energy inefficient in comparison to the oxidative phosphorylation, it can be beneficial
for cancer cell development through the increased glycolytic flux that supports cell
proliferation by providing biosynthetic precursors (Liberti & Locasale, 2016).
However, new research has shown that not all tumours shift to glycolysis for energy

production. In fact, there is a huge heterogeneity in cellular energetics in different
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tumours or tumour classes, where in most of them glycolysis does not occur instead
of mitochondrial respiration (Koppenol et al., 2011). Although Warburg's observation
was made a long time ago, it forms the basis for the observation that metabolic
signaling pathways and glycolysis may represent a promising approach to the
treatment of cancer.

In general, mitochondria are the main energy source in most eukaryotic cells as
these organelles harbor the oxidative phosphorylation system (OXPHOS) that
generates the energy currency ATP. Moreover, they also play an important role in
many other biological processes like calcium signaling, apoptosis or cellular
senescence (Habbane et al., 2021; Osellame et al., 2012). Mitochondria are unique
organelles as they contain their own 16,569 bp long DNA, known as the
mitochondrial DNA (mtDNA) or mitogenome (Habbane et al., 2021). This genome
encodes 37 genes, including 22 transfer RNAs and 2 ribosomal RNAs that are
essential for mitochondrial respiration and ATP production (Habbane et al., 2021). In
recent years, a wide variety of somatic mutations have been described in these
genes in different tumour entities and have been connected to dysregulation of the
OXPHOS (Schon et al., 2012; Stewart et al., 2015). It has been reported that these
mutations may stimulate the neoplastic formation of tumours and facilitate the
adaption to changing bioenergetics (Brandon et al., 2006; Wallace, 2012). Although
the role of mtDNA mutations in pancreatic cancer is not well understood, it has been
reported that mutations in different genes of the mtDNA occur in a variety of
pancreatic cancer cell lines and that these changes may be beneficial for formation
and invasion of pancreatic tumours (Jones et al., 2001; Moro, 2021).

Besides the OXPHOS related genes, the mtDNA harbours two non-coding regions
that are called control region and displacement loop (Habbane et al., 2021). These
secondary structures of the DNA are important for the replication and transcription of
the genome as they temporarily contain a short complimentary DNA strand that
leads to separation of the double-stranded DNA molecule (Nicholls & Minczuk,
2014). Additionally to these regions, the replication and transcription of the mtDNA
depends on nuclear encoded proteins like the Peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGC1a) or the mitochondrial transcription
factor A (TFAM) (Habbane et al., 2021).
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1.3.1 mTOR and mitochondria

Given the central role of mTOR in different biological processes, it is not surprising
that there is some evidence that the protein impacts the mitochondrial biogenesis.
Genome-wide polysome profiling of translational targets of rapalogs revealed, that
the inhibition of mMTOR impacts a wide variety of mRNAs related to nucleus encoded
mitochondrial proteins (Larsson et al., 2012). In total, 14 % of all identified mMRNAs
were associated with mitochondrial functions (Larsson et al., 2012). These mRNAs
included mRNAs encoding for components of the oxidative phosphorylation (mainly
complex V (ATP synthase)) and proteins that are involved in the transcription and
translation of the mtDNA (for example TFAM) (Larsson et al., 2012; Morita et al.,
2013). In addition to these observations, Morita et al. showed that inhibition of mTOR
leads to reduced mitochondrial mass, mtDNA content and up to 35 % reduced
mitochondrial respiration in breast cancer cells, underlying the impact of mMTORc1 on
a variety of mitochondrial parameters (Morita et al., 2013). The study attributes the
effect of mMTORC1 on mitochondria to its interaction with 4EBP, which influences the
elF4F initiation complex (Morita et al., 2013).

Another process regulated by mTORC1 are mitochondrial dynamics, which includes
the processes of mitochondrial fusion and fission (Trotta & Chipuk, 2017). Fusion
refers to the merging of two mitochondria into a single organelle, while fission
describes the process by which one mitochondrion divides into two separate
mitochondria (Trotta & Chipuk, 2017). In general, mitochondrial dynamics are
important for the information exchange between organelles during stress situations,
mtDNA replication and cell division (Trotta & Chipuk, 2017). A key regulator of
mitochondrial fission is the mitochondrial fission process protein 1 (MTFP1), which is
located at the inner mitochondrial membrane (Tondera et al., 2005). The translation
of this protein has been shown to be impacted by mTORc1 via 4E-BP and that
inhibition of MTORC1 suppresses this process, leading to mitochondrial elongation
(Morita et al., 2017). Notably, mTOR inhibitors like rapamycin slow down cell growth
by regulating metabolism and protein synthesis, which has cytostatic effects on cells.
When mitochondrial fission is additionally enhanced, the mitochondrial structure is
altered to such an extent that it triggers stress and activates apoptosis (Morita et al.,
2017). As a result, the combination of mTOR inhibition and increased fission

becomes cytotoxic (Morita et al., 2017).
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1.4 Aim of the work

Neuroendocrine tumours are a rare malignancy that is difficult to medicate as the
treatment options mainly include classical cancer treatments such as chemotherapy
or surgery. Therefore, the discovery of targeted drug therapy was a great breaking
point for the treatment of NETs. They offered the opportunity to specifically target cell
growth or cell proliferation related proteins with less side effects for the patient in
comparison to common chemotherapy drugs. In NETs one of the main targets for
this form of therapy is the mTOR signalling pathway, which is based on the
observation that this pathway is highly activated in a great number of NETs. As it has
also been shown that mTOR impacts mitochondrial function and the expression of
nuclear-encoded mitochondria-related genes, there have been recent discussions
regarding the potential benefits of combined treatment with inhibitors targeting
cellular metabolism in patients. However, there remains limited understanding of the
interplay between mTOR and mitochondria, particularly within NETs. Therefore, the
objective of this study was to identify proteins that connect these two systems, with a
primary focus on panNETs due to the heterogeneity of NETs.

For this propose, a cohort of 157 panNET was established and the activity of the
mTOR signalling pathway determined by expression analysis of the phosphorylated
ribosomal protein S6 in a tissue micro array (TMA). In the next step, RNA
sequencing was performed on 69 panNET samples from the initial cohort, both with
and without mTOR pathway activity, to identify targets associated with both mTOR
and mitochondrial function. The expression of the identified genes that was
subsequently examined using quantitative PCR. Functional consequences of the
observed molecular alterations were assessed in cellular assays using BON1 and
QGPT1 cells.
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2. Material and methods

2.1 Material

2.1.1 Chemical

Chemical

Manufacturer

Acrylamid Mix, Rotiphorese®Gel 30 (37, 5:1)

Carl Roth, Karlsruhe, Germany

Deoxyribonucleotide triphosphate (ANTP) mix

Thermo Fisher, Waltham , USA

Dimethyl sulfoxide (DMSO)

Thermo Fisher, Waltham , USA

Dulbecco’s Phosphate Buffered Saline (PBS)

Sigma-Aldrich, St. Louis, USA

Fetal calf serum (FCS)

Sigma-Aldrich, St. Louis, USA

Gel Loading Dye, Purple (6X)

New England, Frankfurt aM, Germany

Isopropanol

Merck, Darmstadt, Germany

L-Glutamin, 200 Mm Stock

Thermo Fisher, Waltham, USA

Lysis buffer (10x)

Cell Signaling, Frankfurt aM, Germany

M-MLV Reverse Transcriptase

Promega, Walldorf, Germany

Penicillin-Streptomycin

Sigma-Aldrich, St. Louis, USA

Protease/Phosphatase Inhibitor Cocktail (100X)

Thermo Fisher, Waltham, USA

Protein Assay Reagent

Bio-Rad, California, USA

Proteinase K from Tritirachium album

Sigma-Aldrich, St. Louis, USA

Pyruvat

Sigma-Aldrich, St. Louis, USA

Random Primers

Promega, Walldorf, Germany

Bovine serum albumin (BSA)

Roth, Karlsruhe, Germany

RNasin®Plus Rnase Inhibitor

Promega, Walldorf, Germany

RPMI 1640 Medium, GlutaMAX™ Supplement

Thermo Fisher, Waltham, USA

Sodium dodecyl sulfate (SDS)

Serva, Heidelberg, Germany

Sodium Hydroxide Solution, 2 M NaOH

Thermo Fisher, Waltham, USA

SYBR™Green PCR Master Mix

Thermo Fisher, Waltham, USA

TRIS-Acetat-EDTA (TAE)-buffer

Thermo Fisher, Waltham, USA

Tris-buffered saline (TBS) 20x powder

ApplieChem GmbH, Darmstadt, Germany

Trizma® base

Merck, Darmstadt, Germany

Trypsin-EDTA

Sigma-Aldrich, St. Louis, USA

UltraPure™ Agarose
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2.1.2 Buffer and chemical solutions

2.1.2.1 Isolation of the whole cell extract

350 mM Tris-HCI; pH 6.8
10,28 % (w/v) SDS

36 % Glycerol

6x sample buffer
600 mM Dithiothreitol
Spatula tip Bromphenol blue

ddH20

10 % (v/v) 10x Lysis buffer

2 % (vIv) Protease/Phosphatase
Lysis buffer
Inhibitor

ddH20

2.1.2.2 SDS-Page und Western Blotting

5 % (w/v) Nonfat dried milk powder
Blocking solution
in TBS-T

10 ml Tris-HCI 100 Mm; pH 8.5

Enhanced chemiluminescence (ECL) detection 50 ul Luminol (250 mM in DMSO)

solution 25 ul Coumaric acid (90 mM in DMSO)

4 pl H202 (30 % (v/v))

140 mM NaCl

8 mM NazxHPO4-7H20
PBS (10x)
2 mM NaH2PO4:7H20

ddH20

0,1 % (v/v) Tween 20
PBS-T
in PBS (1x)

0,5 % (w/v) Ponceau S
Ponceau S staining solution
1 % (v/v) Concentrated acetic acid

250 mM Tris
1.92 M Glycine
SDS-Page Running buffer (10 x); pH 8.3 1 % (w/v) SDS

ddH20
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Stacking buffer, pH 6.8

500 mM Tris-HCI

ddH20

Resolving buffer; pH 8.8

1,5 M Tris-HCI

ddHz20

Semi-dry blotting buffer (1 x)

10 % (v/v) Semi-dry blotting buffer (10 x)

20 % (v/v) Methanol

ddH20

Semi-dry blotting buffer (10 x); pH 9-9.2

480 mM Tris
390 mM Glycine
0,375 % (w/v) SDS

ddH20

TBS (10 x); pH 7.6

200 mM Tris
1.38 M NaCl

ddH20

TBS-T

2.1.3 Oligonukleotides

0,1 % (v/v) Tween 20

in TBS (1x)

2.1.3.1 Oligonucleotides used as qPCR-primer.

Primer Primer sequence

Manufacturer

HPRT forward: 5-TTG CTG ACC TGC TGG ATT AC-3’

reverse: 5-TTT TTG GTT GAG CAC AGG-3

self-designed

Actin forward: 5-CCT AAA AGC CAC CCC ACT TCT C-3

reverse: 5-ATG CTATCA CCT CCC CTG TGT G-3

self-designed

GAPDH forward: 5-ACA GTT GCC ATG TAG ACC-3’

reverse: 5-TTT TTG GTT GAG CAC AGG-3’

self-designed

PGC1A forward: 5"-TGA AGA CGG ATT GCC CTC ATT-3"

reverse: 5-GCT GGT GCC AGT AAG AGC TT-3’

self-designed

mortalin forward: 5'-GCC TTG CTA CGG CAC ATT GTG A-3’

reverse: 5'- CTG CAC AGA TGA GGA GAG TTC AC-3°
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2.1.3.2 Oligonucleotides used as siRNAs.

Target

(Gene symbol/ Ensembl ID) DB

Company

PPARGC1A/ ENSG00000109819 PGC1a-si1 Thermo Fisher, Waltham, USA 21393
PPARGC1A/ ENSG00000109819 PGC1a-si2 Thermo Fisher, Waltham, USA 21394
MORTALIN/ mortalin-si1 MedChemExpress, NJ, USA HY-RS06437
ENSG00000113013 mortalin-si2

mortalin-si3
Non-targeting control siRNA Scram Dharmacon, CO, USA D-001810-10-20

2.1.4 DNA- und Protein-marker

Marker

Manufacturer

1 kb DNA Ladder

New England, Frankfurt aM, Germany

100 bp DNA Ladder

New England, Frankfurt aM, Germany

50 bp DNA Ladder

New England, Frankfurt aM, Germany

PageRuler™ Prestained Protein Ladder

2.1.5 Kits
Kit

Thermo Fisher, Waltham, USA

Manufacturer

AmpliSeq™ Library PLUS Kit

lllumina, San Diego, USA

AmpliSeq™ Transcriptome Human Gene Expression
Panel

lllumina, San Diego, USA

Maxwell® RSC DNA FFPE Kit

Promega, Heidelberg, Germany

Maxwell® RSC RNA FFPE Kit

Promega, Heidelberg, Germany

ProtoScript® Il First Strand cDNA Synthesis Kit

New England, Frankfurt aM, Germany

QIAMp®DNA Mini Kit

Qiagen, Hilden, Germany

QlAseq Targeted DNA 29 Human Mitochondria Panel
(DHS-1052)

Qiagen, Hilden, Germany

Qubit® dsDNA-BR-Assay-Kit

Thermo Fisher, Waltham, USA

Qubit® dsDNA-HS-Assay-Kit

Thermo Fisher, Waltham, USA

RNeasy®Plus Mini Kit

Qiagen, Hilden, Germany

WesternBright™ Sirius™ Detection Kit

2.1.6 Antibody

All primary antibodies were diluted in PBS-

advansta, San José, USA

T with 5 % BSA. All secondary antibodies

were diluted in TBS-T with 5 % nonfat dry milk.
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. . . Working solution Working solution
ATELR7EIL LI AL EGE Western Blotting immunhistochemistry
Monoclonal antibody against
human Actin Merck, Darmstadt 1:10.000 -

(#MAB1501)
Monoclonal antibody against
human Phospho-S6 Ribosomal Cell Signaling, . .
Protein (pS6) Frankfurt aM 1:2.000 1:400
(#4858)
Monoclonal antibody against
human S6 Ribosomal Protein Cell Signaling, . .
(S6) Frankfurt aM 1:1.000 1:200
(#2317)
Monoclonal antibody against Cell Signaling, 1:1.000 )
human PGC1a (#2178S) Frankfurt aM T
Monoclonal antibody against Cell Sianalin
human MORTALIN/ Mortalin Erankiortant. 1:1.000 -
(#3593)
: Working solution

Secondary antibody Manufacturer Western Blotting
Rabbit-Antibody

Bio-Rad, California, USA 1:3.000
(#170-6515)
Maus-Antikérper

Bio-Rad, California, USA 1:3.000
(#170-6516)

2.1.7 Cell lines und cultivation
The adherent human cell lines BON1 and QGP1 which originate from
neuroendocrine tumours located in the pancreas were used for all cell biological

assays.
Standard growth medium for adherent panNET cell lines

The used panNET cell lines were cultured in RPMI 1640 Medium, GlutaMAX™
Supplement Medium with 10 % FBS, 1 % Penicillin-Streptomycin and 10 % L-

Glutamin.
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Freezing medium for adherent panNET cell lines

For cryopreservation, the adherent panNET cell lines were stored in freezing
medium containing 10 % DMSO and 90 % FBS.

2.1.8 Software

Software Version Company

Citavi 6 Sw!ss Academic Software (Wadenswil,
Switzerland)

CLC Genomics Workbench 12.0 Qiagen (Hilden, Germany)

Fusion® Software v.2.0.19941 g\éc::;]gz;;Capt, (Vilber Lourmat, Eberhardtzell,

g:profiler online tool Kolberg et al., 2023

GSEA software Subramanian et al., 2005

lllumina Experiment Manager 1.151 lllumina (San Diego, CA, USA)

ImageJ 1.48 \KJV;\X?e Rasband (National Institutes of Health,

Inkscape 1.3.2 Inkscape Project, 2020

Maxwell® RSC Application Software Promega (Madison, WI, USA)

m:g;gzg;: 3(25'5"%" PowerPoint, Word for | ,4q Microsoft (Redmond, WA, USA)

MiSeqReporter 2.6.2.3 lllumina (San Diego, CA, USA)

ND-1000 V3.81 Thermo Fisher (Waltham, USA)

NDP.view2 U12388-01 Hamamatsu (Shizuoka, Japan)

NextSeq Control Software 4.0 lllumina (San Diego, CA, USA)

PathoPro 9.0.9070 ifms (Saarbriicken, Germany)

Primer3Plus Untergasser et al., 2012

Primer-BLAST Ye et al., 2012

Slfnngslygig;':tv?:feign 1.5.1 Applied Biosystem/Thermo Fisher (Waltham, USA)

Qubit Data Logger 1.1.7 Thermo Fisher (Waltham, USA)

QuPath V0.5.1 Bankhead et al., 2017

R 43.0 R Core Team (https://www.r-project.org/
(accessed: 15.01.25))

R-Studio 2023.09.1 RStudio (Boston, MA, USA)

SPSS 22.0 IBM (Armonk, NY, USA)

VariantStudioTM 3.0.12 lllumina (San Diego, CA, USA)
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2.2.1 Cohort of panNET for the selection of panNET with activated mTOR
pathway signaling

To identify panNET with activated mTOR pathway, a well-characterized cohort of
157 panNETs was established. The tumour stage of patients was classified based
on the ENETS/ UICC and the grading of the tumours was classified based on the
WHO (Kléppel et al., 2010; Rindi et al., 2022). Detailed patient characteristics are
displayed in Table 4. The local ethics committee (Ethics Committee of the
Rhineland-Palatinate State Medical Association, Mainz, Germany) approved the
study design, and all samples were handled in compliance with the standards

proposed by the Declaration of Helsinki

Table 4: Summary of clinic pathological features in the study population (n = 157).

Parameter Saimples Parameter Samples
n % n ‘ %
Number of patients 157 100 TNM classification
Gender | 25 16
Male 80 51 I 23 15
Female 77 49 1l 2 1
Age, year 59 \Y, 19 12
Range 18 - 88 unknown 88 56
Primary Tumour (T) Grading (G)
T1 56 36 G1 66 42
T2 37 24 G2 60 38
T3 53 34 G3 14 9
T4 4 2 GX 17 11
X 7 5 Functional status
Regional lymph nodes (N) Functional 34* 22
NO 53 34 Non-functional 123 78
* 26 Insulinoma (17 %), 5 Glucagonoma
N1 47 30 (3 %) und 3 Gastrinoma (2 %)
N2 1 1
NX 56 36
Distant metastasis (M)
MO 29 19
M1 19 12
MX 109 69
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2.2.1.2 Cohort of panNET for the identification of molecular alterations

For the following molecular analyses, the number of panNET cases had to be
adjusted due to low RNA quality and quantity. Therefore, all assays expect the
immunohistochemical staining were performed using 69 of the initially 157 panNET

cases. All clinical pathological features of this population are listed in Table 5.

Table 5: Summary of clinic pathological features in the experimental population (n = 69).

Parameter Samples Parameter Samples
n % n %
Number of patients 69 100 TNM classification
Gender I 14 20
Male 35 51 I 13 19
Female 34 50 1] 7 10
Age, year 59 v 13 19
Range 25-87 Unknown 22 32
Primary Tumour (T) Grading (G)
T1 22 32 G1 30 44
T2 17 25 G2 28 41
T3 24 35 G3 5 7
T4 3 4 GX 6 8
X 3 4 Functional status
Regional lymph nodes (N) Functional 19* 28
NO 20 29 Non-functional 50 72
* 14 Insulinoma (21 %), 2 Glucagonoma
N1 26 38 (3 %) und 3 Gastrinoma (4 %)
N2 1 1
NX 22 32
Distant metastasis (M)
MO 29 42
M1 6 9
MX 34 49

2.2.2 Immunohistochemistry

2.2.2.1 Tissue microarray (TMA)

To analyse the molecular interaction between mTOR signaling and mitochondria in
neuroendocrine tissue, the mTOR activity had to be determined for the established
cohort of panNET. Since phosphorylated S6 has been demonstrated to be a good

indicator for the activity of mTOR signalling in cancer cells and mice tissue (Knoll et
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al., 2016; Stelzer et al., 2010), the expression of the protein was analyzed in a TMA
compromising all 157 paraffin blocks of the cohort. Therefore, hematoxylin and eosin
stained tissue sections were cut from these blocks and the tumour area was marked
by a pathologist. Two tissue cores per patient within the marked area were then
removed and assembled on a new paraffin block in an array pattern. In total, 80
tissue cores with 1.5 mm in diameter could be collected on one paraffin block and
two samples from muscle tissue were included as quality control. The new paraffin
block was cut using a microtome, resulting in sections that were transferred to a
microscope slide and immunohistochemically stained. The phosphorylated form of
S6 was stained as an indicator for mTOR activity and the un-phosphorylated form of
the protein was stained as a control. All used antibodies and working solutions are
listed in 2.1.6. The TMA was accomplished in cooperation with the BioBank of the
university medical center Mainz. Analysis of the immunohistochemical staining was

performed using Qupath (Bankhead et al., 2017) and the expertise of a pathologist.
2.2.3 Nucleic acid extraction from FFPE tissue

2.2.3.1 Preparing of tissue sections

Isolation of genomic DNA and RNA from FFPE tissue samples was performed using
unstained FFPE tissue sections. These sections were freshly prepared by cutting
paraffin blocks. Therefore, these blocks were placed on a cooling plate (-14 °C) for at
least 10 minutes and were cut into 8 ym thick sections using a rotary microtome
(Microm HM355S, ThermoFisherScientific). These tissue sections were placed into a
37 °C water bath and transferred to a microscope slide. The generated slides were
then placed on a heating table (41 °C) for at least 10 minutes. After this drying
process, the FFPE tissue sections could be used for DNA and RNA extraction.

2.2.3.2 DNA extraction

For targeted isolation of DNA from the tumour tissue of panNET, the tumour area
had to be identified and marked on the freshly prepared FFPE tissue sections.
Hematoxylin and eosin stained tissue sections were used as a template for each
sample and the tumour area was marked on these sections by a pathologist. This
selection was then transferred on the unstained microscope slides and DNA was
isolated according to the manufacturer’s protocol with the Maxwell® RSC DNA FFPE

Kit from Promega. Therefore, the tumour area of the section was scraped off the
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slide with a scalpel and added to a new tube with sample buffer. The isolation of the
nucleic acid from the material was carried out through a Proteinase K digestion,
which was prepared according to the manufacturer's instructions and incubated
overnight at 70 °C. At the beginning of the incubation, the samples were shaken at
500 rpm for 2 to 3 hours for better disruption of the cells. The next day, isolation of
the DNA was performed using the Maxwell®RSC from Promega according to the
manufacturer’s protocol. The isolation is based on paramagnetic particles (beads)
that bind nucleic acids and different washing steps for obtaining the optimal purity of
DNA (Figure 5). Concentration of the DNA was measured using the

Qubit™Fluorometer (2.2.3.4 Measurement of nucleic acid concentration).

Plunger -/ Magnet -

The sample material is added The sample material is mixed The paramagnetic particles
into the cartridge containing and lysed by moving the plunger are immobilized after
pre-filled reagents. up and down. magnetization of the plunger.
4 5 6
o . by . b b
= 1 — “r —.14'* ‘-q‘L’»:\
W\ |\

A\ A\ A A A \ o
The nucleic acid released during The DNA or RNA is purified through The purified DNA or RNA
lysis is bound by the repeated binding and elution of is eluted into the elution vessel.

paramagnetic particles. the particles in multiple washing steps.

Figure 5: Schematic description of the automated process of DNA/RNA isolation with the

Maxwell instrument.

The sample material is added into the cartridge (1) and mixed and lysed by using a plunger (2). The
released nucleic acids are bound by beads (3-4) and purified trough different washing steps (5-6).

(modified according to Promega)

2.2.3.3 RNA extraction

Isolation of the RNA was performed from the same tumour area as isolation from
DNA according to the manufacturer’s protocol with the Maxwell® RSC RNA FFPE
Kit from Promega. Similar to DNA isolation, the tumour area was scraped off with a

scalpel but the resulting sample material was transferred into a new tube with
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mineral oil for deparafinization. This step was followed by incubation at 80 °C for two
minutes and lysis of the material through Proteinase K digestion. All steps were
prepared according to the manufacturer's instructions. The loading of the cartridge
and the measurement of the concentration of the RNA were performed equivalent to
the DNA isolation (see 2.2.3.2).

2.2.3.4 Measurement of nucleic acid concentration

Table 6: Approach for the concentration measurement of nucleic acids with the Qubit® dsDNA
HS or BR Assay Kit.

Standard 1 or 2 Sample
[wi] [wi]
DNA/ RNA 10 1
*Measurement solution = DNA/RNA reagent + buffer
(1:200)

Measurement of the concentration of nucleic acids was performed using the Qubit™
1.0 Fluorometer. For DNA, the Qubit® dsDNA HS Assay Kit (0,2 — 100 ng/ul) or the
Qubit® dsDNA BR Assay Kit (2-1.000 ng/ul) from ThermoFisher were used,
depending on the expected concentration range. The Qubit™ RNA HS Assay Kit
was used for RNA concentration measurement. The samples were prepared
according to Table 6. The calculation of the final concentration of the DNA or RNA

was performed by the fluorometer using the following formula:

Concentration of the sample = QF value * 200/x
QF value = fluorescence value of the Qubit® Fluorometer

x = used pl of the sample
2.2.4 Next generation sequencing (NGS)
The next generation sequencing is a high-throughput technique for identification of

different genomic variations of the DNA in short time. In this work, NGS-analysis was

performed according to the bridge amplification form illumina. This system is based
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on the following four steps: preparation of the DNA-library, cluster amplification,

sequencing and analysis of data.

A. Library Preparation B. Cluster Amplification

Genomic DNA

f— [
Adapters — —

|

Clusters

C. Sequencing D. Alignment and Data Anaylsis

ATGGCATTGCAATTTGACAT
TGGCATTGCAATTTG

, AGATGGTATTG
Soquencing Cycles Reads GATGGCATTGCAA
GCATTGCAATTTGAC
ATGGCATTGCAATT
AGATGGCATTGCAATTTG

Digital Image Hetersniog AGATGGTATTGCAATTTGACAT

Genome

Figure 6: Schematic description of the bridge amplification by lllumina.

The bridge amplification by lllumina is based on the following four steps: (A) preparation of the DNA-
library, (B) cluster amplification, (C) sequencing and (D) bioinformatic data analysis. (lllumina, Inc.,
2017)

In the first step of NGS-Analysis, a DNA library is generated by fragmentation of the
DNA and ligation of adapters on these fragments (Figure 6). The adapters include
primer binding sides and so-called unique molecular identifiers sequences (UMIS).
These UMIS allow differentiation between artifacts and actual mutations by labelling
each DNA library sample. For cluster amplification, the DNA libraries are loaded into

a flow cell equipped with complementary adapter oligonucleotides (Figure 6).
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Amplification is carried out through the mentioned bridge amplification as described
before (Goodwin et al., 2016), resulting in thousands of DNA clusters each
originating from a single library fragment. The actual sequencing step is carried out
by the sequencing by synthesis (SBS) technology by lllumina. This method requires
fluorescence labelled nucleotides that are applied into the nucleic acid chain during
each sequencing cycle (Figure 6). The resulting fluorescence signal is detected and
documented for each DNA cluster on the flow cell and followed by data analysis
(Figure 6).

2.2.4.1 Molecular characterization of the mitochondrial genome of panNET

To analyze the possible impact of the mTOR activity status on the frequency of
somatic mutations in the mitochondrial genome, 69 panNET samples from the
established cohort were selected for NGS-analysis. The selected samples included
21 panNET with upregulated activity of the mTOR signaling pathway and 48 cases
without upregulation of the pathway. The classification of the panNET is based on
the results of the immunohistochemistry in 2.2.2. For identification of tumour specific
mutations, NGS-analysis was carried out for tumour and normal tissue of each
patient. Preparation of DNA libraries was performed using the QIAseq Targeted DNA
Human Mitochondria Panel (DHS-105Z, Qiagen), with an average input of 100 ng
FFPE-DNA per sample. The DNA libraries were quantified as described in 2.2.3.4
and diluted to a concentration of 4 nM. In the next step, libraries were further diluted
by adding 0.2 nM NaOH to a final concentration of 10 pM and pooled, to ensure a
sequencing depth of 1 million reads per sample. Sequencing of the mitochondrial
genome was performed using the lllumina MiSeq System and paired-end
sequencing with 2 x 151 bp reads. For data analysis, the MiSeqReporter Software
from lllumina and CLC Workbench from Qiagen were used in combination with an in-
house analysis pipeline. This pipeline aligns the generated reads with the Cambridge
Reference Sequence (rCRS) of the human mitochondrial DNA (NC_012920) and the
detected somatic mutations with the MITOMAP database (Kogelnik et al., 1996).

2.5 RNA-sequencing

To identify differentially expressed genes that are affected by the mTOR activity in
panNET, a gene expression profile of 69 panNET cases was created. These
included 21 panNET with activated mTOR pathway and 48 panNET without

upregulated mTOR activity. RNA sequencing enables the identification of expression
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differences in the entirety of all genes in the tissue, whereby in the following we have
mainly focused on mitochondria-associated genes and target genes of the mTOR

signaling pathway.

2.2.5.1 cDNA synthesis and quantification for RNA-Sequencing

In the first step of the RNA-sequencing, the cDNA synthesis was performed using
the ProtoScript® Il First Strand cDNA Synthesis Kit (New England Biolabs)
according to the manufacturer’s instructions. An input of 750 ng RNA per sample
was used and the approach for the random primer mix was selected. In deviation
from the manufacturer’s instructions, only 0.5 ul of the random primer mix were used
in the PCR for denaturation of the samples. The concentration of the cDNA was

measured according to 2.2.3.4.

2.2.5.2 Library preparation and sequencing

Library preparation was performed using the AmpliSeq™ Transcriptome Human
Gene Expression Panel (lllumina, San Diego, CA, USA) and the AmpliSeq™ Library
PLUS Kit (lllumina, San Diego, CA, USA) according to the manufacturer’s
instructions. The amount of cDNA used for amplification of the targets was

calculated according to the following formula:

Sample input for library preparation _ A t of cDNA f lificati Max. 8 ul
Concentration cDNA x (1/Dilution factor cDNA) oWt ote or amplification (Max. 8 ul)

Deviating from the protocol, the following PCRs for amplification of the targets and

amplification of the libraries were performed.

Table 7: Settings for PCR for amplification of targets and amplification of libraries.

The deviations from the manufacturer's protocol are marked in red

Amplify targets Amplify library
99 °C for 15 seconds 98 °C for 2 minutes
99 °C for 15 seconds 98 °C for 15 seconds
) 13 cycles . 9 cycles
60 °C for 16 minutes 64 °C for 1 minute

The quantity and quality of the final libraries was measured using the 2100
Bioanalyzer (Agilent, Santa Clara, CA, USA). Based on this measurement the

libraries were diluted to the final loading concentration according to the “Denature
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and Dilute Libraries Guide” for the NextSeq500 and 550 (lllumina, San Diego, CA,
USA). Library sequencing was performed using the NextSeq500 system (lllumina,
San Diego, CA, USA) with single-read sequencing and 76 bp reads. The sequencing

depth was 20 million reads per sample.

2.2.5.3 Bioinformatic analysis of data

The generated raw data from the RNA-sequencing were quantified in cooperation
with Dr. Michael Kloth of the Institute of Pathology (Mainz). This step included
removal of adapter sequences and low-quality reads and was performed using the
Salmon tool (Patro et al., 2017).

The following differential expression analysis was carried out with the Bioconductor-
DESeq2 package for R (version 4.3.0, R Core Team, 2021) according to the
DESeq2 manual (version 1.42.0, Love et al.,, 2014). As a pre-filter option only
samples with a transcript count over 5 were included into analysis. Genes with
Benjamin Hochberg adjusted p-value (padj) <0.05 were considered significant. The
detailed code is described in the supplementary Figure S 1. Stable identifiers
(Ensembl ID’s) matching these genes were extracted using the g:Profiler online tool
(Kolberg et al., 2023, https://biit.cs.ut.ee/gprofiler/gost (last update: 16.01.25)).

In the next step, Gene Set Enrichment Analysis (GSEA) was performed on the wald-
statistic value of all samples using the GSEA software provided by Broad Institutes
(Mootha et al., 2003; Subramanian et al., 2005http://www.broad.mit.edu/gsea/ (last
update: 08.07.24)). GSEA was run on 1000 permutation mode on gene-set label to
generate False Discovery Rate (FDR) and enrichment score (ES) for each gene set.
Significant gene sets were filtered based on FDR g-values (cutoff: 0.05). The

detailed settings for GSEA are described in the supplementary Figure S 2.
2.6 Gene expression analysis using gPCR

2.6.1 cDNA synthesis and quantification for qPCR-Analysis

For gene expression analysis, 700 to 900 ng of total RNA isolated from tissue slices
(2.2.3.3) or from cultivated cells (2.2.8.4) were reverse transcribed into cDNA using
the M-MLV Reverse Transcriptase. Therefore, RNA was denatured by adding 11 pl
of RNA (700 to 900 ng) and 3 pl Random-Primer together. This mixture was than
incubated for 5 minutes at 70 °C and immediately transferred on ice for prevention of
renaturation of the RNA. In the next step, 5 pl 5x buffer (Promega, Walldorf,
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Germany); 0.8 pl RNAsin-PLUS (Promega, Walldorf, Germany), 1 ul M-MLV
Reverse Transcriptase (Promega, Walldorf, Germany) and 4.2 pl of 2.5 mM dNTPs
(Invitrogen™ by Thermo Fisher Scientific Waltham, MA, USA) were added to the

RNA-Primer-Mix on ice and incubated for 60 minutes at 40 °C.

2.6.2 Primer design

If not stated otherwise, the oligonucleotide primers used in this study were generated
using the program Primer3Plus (Untergasser et al., 2012,
https://www.primer3plus.com/index.html (last update: 16.01.25)) or Primer-BLAST
provided by the National Library of Medicine (Ye et al, 2012,
https://www.ncbi.nim.nih.gov/ (last update: 17.07.24)). The reference sequences for
selection of primers in the targeted regions also originated from the National Library
of Medicine (https://www.ncbi.nlm.nih.gov/ (last update: 17.07.24)). Primer length
was set at 20 bp and the product size ranged between 100 and 150 bp. Melting
temperature was set between 58 and 62 °C with an optimal temperature at 60 °C.
The percentage of guanine-cytosine content in each primer was set between 50-55
%. All used primers and their origin are listed in 2.1.3. All used primer pairs were

diluted to a final concentration of 10 yM with water before use.

2.6.3 gPCR-analysis
The gPCR-analysis of cDNA isolated from the FFPE tissue slices was performed in
triplicates for 21 panNET with activated mTOR signaling pathway and 48 panNET

with no activation of mTOR. The samples were prepared as followed:

Table 8: The qPCR reaction mix used for gene expression analysis.

Volume per reaction

[ui]

SYBR™ Green PCR Master Mix 5 5
forward primer [10 uM] 0.2
reverse primer [10 uM] 0.2
HPLC-water 3.6

cDNA template (3-5 ng/ul) 1
total volume 10
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To measure PCR efficiency, a 1 to 4 dilution series was assayed for every primer
starting with a concentration of 3 to 5 ng/ul and ending at 0.04 to 0.07 ng/ul. This
dilution series was carried out using a standard consisting of a pool of 10 panNET
without mTOR signaling pathway activity. Moreover, a reaction mix with HPLC-water
instead of cDNA was assayed as a control against contamination. The following

parameters were used for thermal cycling:

Table 9: PCR set up for gPCR.

Temperature Incubation time Stage
50 °C 2 minutes
Hold Stage

95 °C 10 minutes

95 °C 15 seconds PCR Stage
60 °C (data acquisition) 1 minute (40 cycles)

95 °C 15 seconds

60 °C 1 minute Melt Curve Stage
95 °C (data acquisition) 15 seconds

The gPCR-analysis of cDNA isolated from cultivated cells was performed in a similar
way, with a different standard for measuring the PCR efficiency. Instead of a pool of
samples, the untreated control of the panNET cells was used as the starting point of
the dilution series. Data analysis of all gPCR results was performed using the “2-4ACt

Method” as described previously (Livak & Schmittgen, 2001).

2.2.7 Cell culture assays
All cell culture assays were performed under sterile conditions using a laminar flow
cabinet. The used chemicals and media were stored at 4 °C and warmed to 37 °C

before use. All cells were considered mycoplasma free before use.

2.2.7.1 Cell culture of human pancreatic neuroendocrine cells

The human pancreatic neuroendocrine cell lines BON1 and QGP1 were considered
mycoplasma free before use and authenticated by the Multiplexion GmbH
(Heidelberg, Germany; Schmitt & Pawlita, 2009).

According to the growth characteristics and health status, cells were passaged twice

a week (average confluency 70 - 80 %) in a ratio of 1:2 to 1:4. Therefore, cells were
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washed with PBS (w/o Mg?*/Ca?*) and detached using Trypsin/EDTA-solution for 5
minutes at 37 °C. Cells were then transferred to standard growth medium (see 2.1.7)
in a T75 flask and incubated at 37 °C and 5 % COa.

For long-term conservation, the cells were stored at -80 °C in freezing medium (see
2.1.7). Therefore, the cells were detached and transferred to growth medium as
described before. The cells were then centrifuged at 1,000 rpm for 5 minutes at 4 °C.
The medium was aspired, and the resulting cell pellet was resuspended in 1 ml
freezing medium and transferred to a cryo vial. For a gentle freezing process, the vial
was placed in a freezing box that guarantees freezing of cells at a rate of -1 °C per

minute.

2.2.8 Biochemical and molecular biology methods

The preparation of whole cell lysates and the isolation of DNA as well as RNA were
carried out after cultivation of the cells at culture dishes with a diameter of 6 cm. For
determination of the necessary cell number, cells were counted using a Neubauer
chamber (M. Zhang et al., 2020). If not stated otherwise, 1 million cells were seeded

per culture dish.
2.2.8.1 Modulation of gene expression

2.2.8.1.1 Transient transfection of siRNA oligonucleotides and modulation of
the mTOR pathway activity

For the transient knockdown of different genes, panNET cancer cells were
transfected with small interfering RNA (siRNA) oligonucleotides using
Lipofectamine®2000 (Invitrogen, Carlsbad, CA, USA). Information’s for all used
siRNAs are listed in 2.1.3.2. One hour before transfection, growth medium was
replaced with Opti-MEM (Invitrogen, Carlsbad, CA, USA) and two solutions were
prepared for transfection and incubated separately for 5 minutes at room
temperature. One solution contained 5 nM siRNA diluted in 100 pl Opti-MEM and the
other solution contained Lipofectamin 2000 (ratio 1:2, DNA:Lipofectamin) diluted in
100 ul Opti-MEM. After the incubation, both solutions were mixed and incubated for
20 minutes at room temperature. In the next step, the transfection mix was added to
the cells and incubated at 37 °C and 5 % CO2. After 5 to 6 hours the Opti-MEM
medium was changed to standard growth medium. The cells were incubated for 72

hours before further investigation.
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For inhibition of the mTOR signalling pathway, everolimus and temsirolimus were

used in a concentration of 1 yM for 72 h.

2.2.8.2 Preparation of whole cell lysate

All following steps were performed on ice. For preparation of whole cell lysates, cells
grew to a confluency of 70 to 80 %. The cells were washed with ice-cold PBS and
scraped off the culture dish surface with 50 to 70 ul lysis buffer, containing 10x cell
lysis buffer (Cell Signaling Technology, Frankfurt aM, Deutschland), 2%
Protease/Phosphatase Inhibitor (Cell Signaling Technology, Frankfurt aM,
Deutschland) and water. Cell lysates were incubated for 15 minutes on ice.
Afterwards, the lysate was centrifuged at 12,700 rpm for 20 minutes at 4 °C,
resulting in a sediment part containing cell compartments and the supernatant
containing the desired proteins. The sediment was discarded and the concentrations
of the proteins in the supernatant were measured using the Bradford protein assay
(Thermo Fisher, Waltham, USA) according to the manufacturer’s instructions. The
quantity of protein per sample was adjusted to 30 pg using 6x protein sample buffer

and the samples were incubated at 95 °C for 5 minutes for denaturation.

2.2.8.3 SDS polyacrylamide gel electrophoresis and semi-dry western blotting
Proteins which are contained in the whole cell lysate were separated on 10 to 12 %

polyacrylamide gels by using SDS polyacrylamide gel electrophoresis (SDS-page).

Table 10: Composition of SDS polyacrylamide gels for electrophoresis.

Resolving gel Stacking gel

10 % 12 % 5%

ddH20 [ml] 2 1,7 1.15

Rotiphorese® Gel 30 [ml] 1,7 2 0.33
Stacking buffer [ml] - - 0.5
Resolving buffer [ml] 1,3 1,3 -
10 % (w/v) SDS [ul] 50 50 20
10 % (w/v) APS [ul] 50 50 20
TEMED [ul] 2 2 2
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The concentration of the gels depended on the molecular weight of the protein of
interest, whereby proteins with a low molecular weight are resolved in a high
percentage gel. The composition of the used stacking and resolving gels is
described in Table 10. The SDS-page was performed using a consistent electric
voltage of 120 Volt for 90 minutes.In the next step, the separated proteins were
transferred to a nitrocellulose membrane (Bio-Rad, Munich, Germany) using a
semidry blotting system. The composition of the semidry blot is described in Figure
7. The proteins were transferred with the Trans-Blot® Turbo™ Blotting System from

BioRad using an electric voltage and amperage of 25 Volt and 300 mA for 30

/

minutes.

cathode (-)

filter papers (3x)

gel
membrane

uoIoaIp Jaysuel]

filter papers (3x)

anode (+)

Figure 7: Composition of a semidry blot. (modified according to Gravel, 2009)

2.2.8.4 Immunoblot analysis

The nitrocellulose membrane was incubated and reversibly stained with Ponceau S
staining solution. This screening was carried out to guarantee the successful transfer
of proteins and to cut the membrane according to the following antibody treatment.
Blocking was performed for 1 hour at room temperature with blocking solution to
prevent unspecific binding of antibodies. The membrane was than incubated at 4 °C
overnight with the primary antibody followed by HRP-labeled secondary antibody for
1 hour at room temperature. Informations for all used antibodies are listed in 2.1.6.
Visualization was performed for strong signals with the Enhanced
chemiluminescence (ECL) detection solution or for weak signals with the
WesternBright™ Sirius™ Detection Kit (advansta, San José, USA) using the
chemiluminescence detection system Evolution-Capt (Vilber Lourmat, Eberhardzell,

Germany).
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2.2.8.5 Nucleic acid extraction from panNET cell lines

Extraction of RNA from cultivated cell lines was performed using the RNeasy® Plus
Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. To
prevent the activity of ribonucleases, cells were scraped of the culture dish surface
using 600 pl of a mix of RLTbuffer and p-mercaptoethanol (1:100, pB-
mercaptoethanol:RLTbuffer). In deviation of the manufacturer’s protocol, all
centrifugation steps were set to a minimum of 1 minute. Before eluation of the RNA
in 30 pl of water, the columns were centrifuged at 12,700 rpm for 5 minutes for
further drying of the membrane. The isolated RNA was stored at -20 °C to -80 °C

and for further investigation transcribed into cDNA (see 2.2.5.1 or 2.6.1).

2.2.8.6 Statistical analysis

Statistical analyses were achieved using Microsoft Excel (Microsoft Corporation,
Redmond, WA, USA) and RStudio (Version 4.3.2). In total, three experiments were
compared for each experimental set up and p-values <0.05 were considered
significant with the following categories: *p<0.05, **p<0.01, and ***p<0.001.
Visualization of data was carried out using Microsoft Excel and Inkscape (Version
1.3.2Inkscape Project, 2020).

3. Results

3.1 The mTOR pathway is activated in a considerable number of panNET
Several studies have shown that the mTOR signaling pathway plays an important
role in the pathogenesis of panNET (Chan & Kulke, 2014; Jiao et al., 2011).
Particularly interesting in this context is the observation that between 33 to 52 % of
panNET exhibit high mTOR pathway activity and that these cases are correlated with
increased tumour cell progression and growth (Komori et al., 2014; Giuseppe
Lamberti et al., 2018).

To identify tumours with activated mTOR signaling in the established cohort of 157
panNET cases, immunohistochemical staining was performed using a TMA. All
selected patients were diagnosed with panNET between 1996 and 2019. They
underwent at least one biopsy and the extracted tissue was archived in form of
formalin-fixed paraffin-embedded tissue (FFPE) blocks. The cohort included 77

female patients (49 %) and 80 male (51 %) patients with an average age of 59 years
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(age-span 18 to 88 years). The panNETs were classified using the TNM staging
system (Kloppel et al., 2010), with 25 (16 %) of patients having stage |, 23 (15 %)
stage Il, 2 (1 %) stage lll, and 19 (12 %) stage IV tumours. Staging could not be
determined for 88 (56 %) patients due to data limitations. In addition to the staging,
all tumours were classified according to the grading system of the WHO (Rindi et al.,
2022), with 66 (42 %) being well-differentiated (G1), 60 (38 %) moderately
differentiated (G2), and 14 (9 %) poorly differentiated (G3). Grading could not be
determined for 17 (11 %) patients due to data limitations. The cohort included 34
functional tumours (22%), with 26 being insulinomas (16.6%), 5 being glucagonomas
(3.2%), and 3 being gastrinomas (1.9%). A table of all clinic pathological features in
the study population are listed in Table 4 (2.2.1).

As an indicator for the pathway activity, the phosphorylation status of the ribosomal
protein S6 (pS6) was investigated (Figure 8). The protein has been described to be a
good indicator of the mTOR pathway activity in studies on anal carcinomas and renal
cell carcinomas (Knoll et al.,, 2016; Stelzer et al., 2010). The protein is mainly
phosphorylated by different p70 and p90 ribosomal protein S6 kinases as well as the
mTOR protein (Ruvinsky et al., 2005; Yi et al., 2021).

No staining

Low staining
N ""4") " \¢\ S ATE st O

¥
2y

. L 9 T

T St S8 ¥ .9
o

]

Medium staining

" ‘.\\g () e}

Figure 8: Immunohistochemical staining of panNETs using ati-pS6 antibody.

Representative immunohistochemical staining (brown) for the expression of pS6. Expression levels
were quantified into four categories: No staining, low staining, medium staining and high staining

based on the expertise of an experienced pathologist.
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In this study, 22 % of the investigated panNETs showed alerted pS6 expression and
therefore activation of mTOR signalling (Figure 9). That corresponds to 34 out of 157
cases, including 23 cases (15 %) with low mTOR pathway activity, 8 cases (5 %)

with medium activity and 3 cases (2 %) with high mTOR activity (Figure 9).

Medium staining

: g High staining
(Medium activity) (High activity)
5% 20,
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Figure 9: Activity of the mTOR signaling pathway in panNET.

The expression of pS6 was correlated to the mTOR signaling pathway activity in panNET. In total, 22
% of panNET had an activated mTOR signaling pathway. The activity was quantified into four

categories: no activity, low activity, medium activity, high activity.

3.2 Molecular characterization of mitochondrial genomes in panNETs

Various somatic mutations of the mitochondrial DNA have been described in tumour
entities (Schon et al., 2012; Stewart et al., 2015) and could be correlated with alerted
mTOR pathway activity in different cancer cells as well as fibroblasts (Chung et al.,
2021). Little is known about the occurrence of mtDNA mutations in panNET due to
the low incidence of this entity. Therefore, one aim of the present work was to
investigate mtDNA mutations in the established cohort using NGS-analysis and to
study the impact of the mTOR pathway activity on these changes. Selected cases for
this analysis included 21 mTOR-activated panNETs and 48 panNETs with no mTOR
signaling (total 69 panNET). To distinguish inherited from somatic mtDNA mutations;
tumour and normal tissue was sequenced and compared for each patient. The total
of all cases examined and the corresponding somatic mutations of the mtDNA are

listed in the supplementary Table S 1.
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Activated mTOR signaling pathway

Non activated mTOR signaling pathway

16S RNA
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Figure 10: The mTOR signalling pathway activity has no impact on the detected mitochondrial

mutations in panNET.

Somatic mutations within the mtDNA were detected using the QlAseq Targeted Panel DHS-105Z
which covers the whole mitochondrial genome. In total, 69 panNETs were investigated, including 21
mTOR-activated panNET and 48 cases with no activation of the pathway. A) Heatmap of the
identified mutations. All identified mitochondrial mutations were categorized in the following
categories: Mutations of the ribosomal RNA (blue), missense-mutations (green), mutations within the
non-coding region (red) and mutations of the tRNA (orange). B) Division of the investigated panNET
according to the occurrence of the mutations of the mitochondrial genome and the activity of the

mTOR signaling pathway.
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28 out of 69 panNET (41 %) showed mutations within the mitochondrial genome
(Figure 10). These cases included 12 (panNET with activated mTOR pathway
signaling and 16 with no activation (Figure 10). Tumour-specific mutations were
found in all regions of the mtDNA (non-coding region, genes coding for rRNAs,
genes coding for tRNAs and genes coding for respiratory chain complexes) with the
most frequent mutations occurring in genes for respiratory chain complexes (Figure
10). In summary, the spectrum of mutational variants varied widely among panNETs

and was independent of the mTOR pathway activity.

3.3 Activated mTOR pathway leads to regulation of mitochondria related genes
in panNET

One goal of this work was to investigate molecular alterations in panNET that are
impacted by the activity of the mTOR signaling pathway. Therefore, RNA sequencing
was performed on 69 panNETs. Selected cases for this analysis included 21
panNET with activated mTOR pathway and 48 panNET without mTOR activity.
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Name of gene set ES |NES [NOM p-val |FDR g-val
Hallmark_mTORc1_signaling 0.16 |2.62 |0.000 0.002
Hallmark_KRAS_signaling 0.14 {2.17 |0.000 0.008
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Figure 11: The mTOR activity impacts different pathways in panNET.

A) Enrichment plot of the mTORc1 gene set in panNET with high mTOR pathway activity. The green
line (1) represents the running Enrichment score (ES) for the gene set as the analysis progresses
through the ranked list. The black lines (2) highlight the positions of the gene set members within the
ranked gene list. B) List of the top 3 gene sets enriched in panNET with high mTOR pathway activity.
The ES reflects the degree to which a gene set is overrepresented at the top or bottom of a ranked list
of genes. Normalized enrichment score (NES) represents enrichment score normalized across

analyzed gene sets. Statistical significance is calculated by nominal p-value of the ES using an
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empirical gene-set-based permutation test. A nominal p-value of 0.000 stands for an actual p-value of
less than 1/number-of-permutations (in this work: 1/1000 = 0.001). Gene sets from the MSigDB
database were tested and gene sets with a false discovery rate (FDR) <0.25 and nominal p-value
<0.01 were considered significantly enriched in a prior defined set of genes. All enriched gene sets

are listed in the supplementary Table S2.

Gene Set Enrichment Analysis (GSEA) revealed 21 out of 50 hallmark gene sets that
were impacted by the mTOR activity status in panNET (list of all enriched gene sets
in supplementary Table S2). These 21 gene sets included 3 gene sets that were
significantly enriched and 18 gene sets that were significantly decreased in panNET
with activated mTOR pathway compared to panNET without activation (FDR < 0.25;
nominal p-value < 0.05). As expected, the most significantly enriched hallmark
pathway was the mTORc1 signaling pathway (FDR = 0.002; nominal p-value <
0.001; Figure 11). Differentially gene analysis was also performed comparing 21
panNET with activated mTOR pathway and 48 panNET without activation of mTOR.
In total, 325 differentially expressed genes were identified comparing these two
groups (padj < 0.05; list of all differentially expressed genes in the supplementary
Table S 3). These differentially expressed genes included 46 significantly
upregulated and 279 significantly downregulated genes in panNET with mTOR
pathway activity compared to panNET without mTOR activity (padj < 0.05). The most
significantly upregulated gene in panNET with mTOR pathway activity was the
PPARGC1A gene that encodes for the PGC1a protein (Wald test = 7.16; adjusted p-
value < 0.001; Figure 12A, B). This protein is a transcriptional coactivator that plays
a key role in the mitochondrial biogenesis through interaction with different

transcription factors (Liang & Ward, 2006).
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Figure 12: Activated mTOR pathway results in increased expression of PGC1a in panNETSs.

A) Volcano plot of differentially expressed genes in paNET with activated mTOR pathway compared
to panNET without activation of mMTOR. Genes with a log2foldchange (log2FC) < -1 or > 1 and a pval
< 0.05 were included in the plot. Genes that are down-regulated in panNET with mTOR pathway
activity are shown in blue and genes that are upregulated in panNET with mTOR pathway activity are
marked in red. B) List of the top 3 genes that are differentially regulated between panNET with
activated mTOR pathway and panNET without activation. The genes were determined using the
DESeq2 package. All genes with Benjamin Hochberg adjusted p-value (adjusted p-val) < 0.05 were
included. The data are represented as Wald-statistic (Wald test). Genes with negative Wald-statistic
values are down-regulated in panNET with mTOR pathway activity compared to panNET without
activation and genes with positive values are upregulated. All differentially expressed genes are listed

in the supplementary Table S 3.

In the second step of the differentially gene analysis, the panNET with mTOR
pathway activity were further divided into two groups based on the grading of the
cases. This resulted in 10 low grade panNET (G1) with mTOR pathway activity that
were compared to 11 high grade panNET (G2 + G3) with mTOR pathway activity. In

total, 131 differentially expressed genes were identified comparing these two groups,
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including 111 upregulated and 20 downregulated genes in high grade panNET with
mTOR activity (padj < 0.05; list of all differentially expressed genes in the
supplementary Table S 4). The most significantly upregulated gene in high grade
panNET (G2 + G3) compared to low grade panNET (G1) with mTOR pathway
activity was the HSPA9 gene that encodes for the protein mortalin (Wald test =
4.943; adjusted p-value < 0.001; Table 11). This protein is mainly localized to the
mitochondria (around 70% of mortalin in the cell) and acts as a mitochondrial
chaperon that impacts mitochondrial biogenesis, the formation of reactive oxygen

species and glucose metabolism (Esfahanian et al., 2023).

Table 11: Activated mTOR pathway results in increased expression of mortalin in high-grade
panNETs.

List of the top 3 genes that are differentially regulated between high grade (G2/G3) panNET with
mTOR pathway activity and low grade (G1) panNET with mTOR pathway activity. The genes were
determined using the DESeq2 package. All genes with Benjamin Hochberg adjusted p-value
(adjusted p-val) < 0.05 were included. The data are represented as Wald-statistic (Wald test). Genes
with negative Wald-statistic values are down-regulated in between high grade (G2/G3) panNET with
mTOR pathway activity compared to low grade (G1) panNET with mTOR pathway activity and genes
with positive values are upregulated. All differentially expressed genes are listed in the supplementary
Table S 4.

Gene Protein Wald test adjusted p-val
HSPA9 Mortalin 4.943 0.00019
ZNF702P Putative zinc finger protein 702  |4.903 0.00016
RNF187 Ring Finger Protein 187 4.829 0.00020

Using quantitative PCR it could be confirmed that the expression of PPARGC1A
(PGC1a) was 2 fold-changes higher in panNET with mTOR pathway activity (21
panNET) when compared to panNET without alerted mTOR activity (49 panNET; p <
0,01; Figure 13A). It could also be confirmed that the HSPA9 (mortalin) expression
was 1.3 fold-changes higher in high grade panNET (G2 + 3) with mTOR pathway
activity (11 panNET) when compared to low grade panNET (G1) with mTOR
pathway activity (10 panNET; p < 0.05; Figure 13B). These findings underline our
results from the differentially gene analysis, identifying two mitochondria related

genes as targets of mMTOR in panNET.
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Figure 13: PGC1a and mortalin are targets of mTOR in panNET.

A) Gene expression of PGC1a was measured by qPCR analysis. The expression of the gene was
compared between panNET without alerted mTOR pathway activity (non-activated mTOR) and
panNET with mTOR pathway activity (activated mTOR). The control group was set to 1 for better
representation. Values represent means + SEM (**p<0.01, ***p<0.001; paired t-test (two-tailed)). B)
Gene expression of HSPA9 (mortalin) was measured by qPCR analysis. The expression of the gen
was compared between low grade panNET with activated mTOR pathway (mTOR activated G1) and
high grade panNET without activation of mMTOR (mTOR activated G2/ 3). The control group was set to
1 for better representation. Values represent means + SEM (**p<0.01, ***p<0.001; paired t-test (two-
tailed)).

3.4 Regulation of the mTOR pathway activity leads to reduced PPARGC1A
expression in BON1 cells

To further study the role of mTOR in gene expression of panNET, mTOR pathway
activity was inhibited in the cell lines BON1 and QGP1 (Figure 14A - B) using
everolimus and temsirolimus. These rapalogues mainly effect the activity of the
mTORc1. Initially, the activity of the mTOR pathway was assessed by measuring
pS6 expression through immunoblot analysis. Therefore, pS6 levels in BON1 and
QGP1 cells were compared with those in two colorectal cancer cell lines (HCT116
and SW480), which are known to exhibit low mTOR pathway activity.
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(C)

Figure 14: The mTOR pathway is activated in BON1 and QGP1 cell lines.

The activity of the mTOR signalling pathway was investigated using the cell lines BON1 (A) and
QGP1 (B), which both originate from neuroendocrine tumours located in the pancreas. C)
Representative western blot images for the expression of phosphorylated S6 (32 kDa). The
expression of pS6 was correlated to the mTOR signaling pathway activity in panNET cell lines (BON1
and QGP1) and compared to the expression in colorectal cancer cell lines (HCT116 and SW480). The
S6 protein (32 kDa) represents the unphosphorylated form of the protein. 30 ug protein was loaded
per lane and actin (40 kDa) was used as a loading control. All original, non-cleaved Western Blot
images are shown in the supplementary Figure S 3.

As expected, elevated levels of pS6 were observed in both panNET cell lines (BON1
and QGP1) compared to the colorectal cancer cell lines (HCT116 and SW480),
indicating the activation of mTOR signalling (Figure 14C). Western Blot analysis at
72 hours after the administration of either 1 uM everolimus or 1 yM temsirolimus
revealed a reduction of the pS6 protein level by in BON1 60 to 70 % cells and by 50
% in QGP1 cells, indicating strong inhibition of mMTOR signalling (Figure 15).
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Figure 15: Inhibition of the mTOR signalling pathway in the panNET cell lines BON1 and QGP1.

A - B) Representative western blot images for the expression of phosphorylated S6 (32 kDa) in BON1
treated with the mTOR inhibitors Everolimus (1 pM, 72 hours) or Temsirolimus (1 yM, 7 hours). The
S6 protein (32 kDa) represents the unphosphorylated form of the protein. 30 ug protein was loaded
per lane and actin (40 kDa) was used as a loading control. All original, non-cleaved Western Blot
images are shown in the supplementary Figure S 3. C - D) Representative western blot images for the
expression of phosphorylated S6 (32 kDa) in QGP1 treated with the mTOR inhibitors Everolimus (1
MM, 72 hours) or Temsirolimus (1 pM, 7 hours). The S6 protein (32 kDa) represents the
unphosphorylated form of the protein. 30 ug protein was loaded per lane and actin (40 kDa) was used
as a loading control. All original, non-cleaved Western Blot images are shown in the supplementary
Figure S 3. E) Quantification of the protein level of pS6 of the panNET cell lines BON1 and QGP1.

Data are shown from three experiments and values represent means + SEM (*p<0.05, **p<0.01;

paired t-test (two-tailed)).
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To dissect the molecular alterations induced by inhibition of the mTOR signalling
pathway, RNA-sequencing was performed on BON1 and QGP1 cells treated with
everolimus and temsirolimus. The wild type panNET cells and the panNET cells
treated with DMSO served as a control.

In the first step, the general influence of mTOR inhibitors on the expression patterns
of genes in panNET was investigated by generating a heatmap with hierarchical
clustering for all samples (Figure 16A - B). The color coding of the heatmaps reflects
the expression levels of each gene across the different samples, with yellow
indicating higher expression and blue indicating lower expression (Figure 16A - B).
The expression values were normalized and variance-stabilized to facilitate
comparison between samples. Hierarchical clustering was indicated by a
dendrogram at the top of each heatmap (Figure 16A - B). As expected, the clustering
analysis distinguished the treatment groups (mTOR inhibitors) from the control
groups (wild-type and DMSO-treated cells) in both panNET cell lines (BON1 and
QGP1, Figure 16A — B). The group of panNET cells treated with everolimus formed a
cluster alongside the temsirolimus- treated group, while the wild-type control group
exhibited similarities with the DMSO-treated cells (Figure 16A - B). In addition to the
heatmaps, a MA-plot was created by categorizing the samples into the two cluster
groups: a control group (wild-type panNET cell line and panNET cells treated with
DMSO) and an mTOR inhibitor group (panNET cells treated with everolimus or
temsirolimus). The plot was used to provide an overview of the distribution of
differential expressed genes between these cluster groups. Therefore, the log2 fold
change (M) of the differentially expressed genes was plotted against the mean of
normalized counts (A, Figure 16C - D). Each point represents a single gene, and the
color coding highlights genes with significant difference in expression between the
control and mTOR inhibitor-treated groups in red (padj < 0.05, Figure 16C - D).
Genes that did not exhibit significant changes are shown as grey points. The MA-
plots revealed a clear distinction between the control and treatment groups. Taken
together with the results from the heatmaps, this suggests a strong effect of the

mTOR inhibitors on gene expression in panNET cell lines (Figure 16).
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Figure 16: Inhibition of the mTOR pathway activity in panNET cell lines impacts the expression

of various genes.

Differential expression analysis was performed using RNA sequencing in the panNET cell lines BON1
and QGP1. A - B) Heatmaps of gene expression data in BON1 (A) and QGP1 (B) cells with sample
clustering. Rows represent genes, and columns represent samples. The colour intensity indicates the
expression level of each gene in each sample. The value represents the normalized and variance-
stabilized expression level of each gene, with darker colours (blue) indicating lower expression and
brighter colours (yellow) indicating higher expression. A square root transformation was applied to the
values to better highlight differences in lower and intermediate expression levels. The samples are
hierarchically clustered based on their gene expression profiles, highlighting patterns of similarity
across different experimental groups. Clusters of samples with similar expression profiles are grouped
together, as indicated by the dendrogram. C — D) MA-plot of gene expression data in BON1 (C) and
QGP1 (D) cells. The x-axis represents the mean of normalized counts, and the y-axis shows the
log2fold change between the control group (wild type panNET cells and cells treated with DMSQO) and
the group treated with the mTOR inhibitors everolimus and temsirolimus. Each point represents a
gene, with red-highlighted points indicating genes with significant differential expression (padj < 0.05).
A list of all differentially expressed genes is shown in the supplementary Table S 5 (BON1) and Table
S 6 (QGP1).
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Expression analysis of different genes was performed on the same groups as the
MA-plot for both investigated panNET cell lines (BON1 and QGP1). Therefore, gene
expression was compared between a control group (wild type panNET cells +
DMSO) and a group treated with mTOR inhibitors (panNET cells treated with
everolimus or temsirolimus). In general, differential gene analysis (padj < 0.05;
differentially expressed genes are listed in supplementary Table S 5 and Table S 6)
revealed 1897 regulated genes in BON1 cells and 1129 regulated genes in QGP1
cells treated with mTOR inhibitors. In the mTOR inhibitor group of the BON1 cell line,
923 genes were downregulated, and 974 genes were upregulated in comparison to
the control group. In QGP1 cells treated with mTOR inhibitors, 609 genes were
downregulated, and 520 genes were upregulated in comparison to the control group.
A list of all differentially expressed genes is shown in the supplementary Table S 5
(BON1) and Table S 6 (QGP1). In accordance with the results of the differential gene
analysis in NET tissue samples, the PPARGC1A gene was downregulated in the
mTOR inhibitor group of the BON1 cell line compared to the control group (Wald test
= -2.82; padj < 0.001). Using quantitative PCR it could be confirmed that the
expression of PPARGC1A was 0.3 fold-changes lower in BON1 treated with mTOR
inhibitors when compared to the control group (Figure 17A). Western Blot analysis at
72 hours after the administration of either 1 uM everolimus or 1 pM temsirolimus
revealed a reduction of the PGC1a protein level by 80 % in BON1 cells treated with
mTOR inhibitors (Figure 17B - C). Contrary to the expectations, there were no
evidence for an influence of the mTOR pathway activity on the PPARGC1A in QGP1
cells and mTOR activity had no impact on the expression of HSPA9 (padj > 0.05).
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Figure 17: Inhibition of the mTOR pathway activity results in decreased expression of PGC1a

in BON cells.

A) Gene expression of PGC1a was measured by qPCR analysis. Cells were treated with 1 yM
everolimus or temsirolimus for 72 hours. The control group was set to 1 for better representation.
Values represent means £ SEM (***p<0.001; paired t-test (two-tailed)). B) Representative western blot
images for the expression of PGC1a (130 kDa) in BON1 cells. Cells were treated with 1 uM
everolimus or temsirolimus for 72 hours. 30 pg protein was loaded per lane and actin (40 kDa) was
used as a loading control. All original, non-cleaved Western Blot images are shown in the
supplementary Figure S 3. C) Representative western blot images for the expression of PGC1a in
BONT1 cells. Cells were treated with 1 uM everolimus or temsirolimus for 72 hours. 30 pg protein was
loaded per lane and actin was used as a loading control. All original, non-cleaved Western Blot
images are shown in the supplementary Figure S 3. D) Quantification of the protein level of PGC1a of
the panNET cell line BON1. Data are shown from three experiments and values represent means +

SEM (*p=<0.05; paired t-test (two-tailed)).
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3.5 Reduced PGC1a expression leads to reduced mTOR pathway activity in
panNET cell lines
In the next step, both mTOR activated cell lines were treated with PGC1a- and

mortalin-specific siRNAs and the mRNA and protein levels of both targets were

investigated by qPCR analysis and immunoblotting. As expected, all investigated cell

lines (BON1, QGP1) treated with PGC1a-specific siRNAs exhibited a reduction in
PGC71a mRNA by 50 — 80% (p=<0.01) in comparison to the control (Figure 18A).
Moreover, the protein levels of PGC1a were also reduced by 70 — 80% (p<0.05)

compared to the control (Figure 18C, E). Likewise, all investigated cell lines (BON1,
QGP1) treated with mortalin-specific sSiRNAs exhibited a reduction in HSPA9 mRNA
by 50 — 60% (p<0.01, Figure 18B) and reduced mortalin protein level by 50 — 60% (
p<0.05, Figure 18D, F). Interestingly, both siRNAs (mortalin, PGC1a) appear to also
influence the expression of the respective other protein. All investigated cell lines
(BON1, QGP1) treated with PGC1a-specific siRNAs also exhibited a reduction in
HSPA9 mRNA by 50 — 70% (p=<0.05, Figure 18A) and reduced mortalin protein level
by 70 — 80% (p<0.05, Figure 18C, E) in comparison to the control. Moreover, both
panNET cell lines BON1 and QGP1 treated with mortalin-specific siRNAs showed

reduced PGC71a mRNA by 50 — 60% (p<0.05, Figure 18B) and reduced PGC1a
protein level by 50 — 60% (p<0.05, Figure 18D, E) in comparison to the control.
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Figure 18: Reduced PGC1a expression leads to reduced mortalin expression in panNET cell

lines and vice versa.

A — B) Quantification of the expression of PGC1a (A) and mortalin (B) in the panNET cell lines BON1
and QGP1. The expression of the genes was measured using qPCR analysis and normalized to the

reference gene actin. Data were shown from three experiments and values represent means + SEM
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(*p=0.05, **p=<0.01, ***p=<0.001; paired t-test (two-tailed)). C-D) Representative western blot images
for the expression of PGC1a (130 kDa) (C) and mortalin (75 kDa) (D) of the panNET cell lines BON1

and QGP1. 30 ug protein was loaded per lane and actin was used as a loading control. All original,

non-cleaved Western Blot images are shown in the supplementary Figure S 3. E-F) Quantification of
the protein level of PGC1a (E) and mortalin (F) of the panNET cell lines BON1 and QGP1. Data are

shown from three experiments and values represent means + SEM (*p<0.05, **p<0.01, ***p<0.001;

paired t-test (two-tailed)).

As the main goal of this section of the work was to investigate the interaction
between mTOR and the two mitochondria related proteins PGC1a and mortalin, it

was investigated if these two proteins influence the expression of pS6 in the panNET
cell lines BON1 and QGP1 by immunoblotting.
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Figure 19: Reduced PGC1a expression impacts the mTOR pathway activity in panNET cell

lines.

A-B) Representative western blot images for the expression of pS6 (32 kDa) in the panNET cell lines
BON1 and QGP1. The S6 protein (32 kDa) represents the unphosphorylated form of the protein. 30
Mg protein was loaded per lane and actin (40 kDa) was used as a loading control. All original, non-
cleaved Western Blot images are shown in the supplementary Figure S 3. C) Quantification of the
protein level of pS6 measured in the panNET cell lines BON1 and QGP1. Data are shown from three
experiments and values represent means + SEM (*p<0.05, **p<0.01, ***p<0.001; paired t-test (two-
tailed)).
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The expression of pS6 and therefore the activity of mTOR was reduced by 50 — 60%
(p=<0.05) in all investigated cell lines (BON1, QGP1) treated with PGC1a-specific
siRNAs in comparison to the control (Figure 19). In contrast, pS6 expression
remained unaffected by mortalin-specific siRNA (p>0.05, Figure 19). These findings
suggest that, unlike mortalin, PGC1a plays a regulatory role in mTOR signalling and
should be further investigated as a potential functional modulator in pancreatic

neuroendocrine tumour cells.

4. Discussion

4.1 Expression analysis of pS6 identifies 22 % of panNET with activated mTOR
pathway

Pancreatic neuroendocrine tumours are a relatively rare malignancy, with their
incidence increasing over the past decade from 0.42 per 100,000 people per year
(2010-2011) to 1.39 per 100,000 people per year (2019-2020, Stensbgl et al., 2021).
Due to the low incidence of this tumour type, treatment options are limited, and the
therapy of patients remains challenging. The only known potential curative treatment
is tumour surgery, which is mainly used for patients with primary, non-metastatic
cases (Akirov et al., 2019; Ro et al., 2013; Storni et al., 2021). The success of this
treatment depends on the localization, size, and metastatic state of the tumour. It is
noteworthy, however, that surgery can also be performed for metastatic cancer, but
in such cases, it serves as a palliative treatment aimed at disease control rather than
a cure (PDQ Adult Treatment Editorial Board, 2024). In general, therapy of advanced
panNETs mainly focuses on improvement of the patient’s quality of life by controlling
the disease. The two most common treatments in this context are chemotherapy and
somatostatin analogues. Chemotherapy is used to prevent further tumour growth,
while somatostatin analogues are administered to control symptoms (Megdanova-
Chipeva et al., 2020; Ro et al., 2013). However, chemotherapy is associated with
high toxicity, and while somatostatin analogues can effectively control symptoms,
their antitumour activity is limited (Megdanova-Chipeva et al., 2020; Ro et al., 2013).
Therefore, it is not surprising that the introduction of mTOR inhibitors as targeted
therapy for panNETs, yield new opportunities for patients with advanced or

metastatic tumours. These kind of inhibitors have mainly cytostatic effects, leading to
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cell cycle arrest, reduced cell growth and cell proliferation in tumour cells (Exner et
al., 2020). A study from Yao et al. showed that treatment with the first-generation
inhibitor everolimus leads to longer progression-free survival in patients with
advanced panNET (Yao et al., 2016). This study is one of the first long-term
investigations showing that these inhibitors not only improve patients' quality of life
and relieve symptoms but also have the potential to extend their lives by effectively
slowing disease progression. Despite these promising findings, the treatment of
patients with mTOR inhibitors remains challenging due to certain limitations. One of
the major challenges is the lack of reliable biomarkers to guide mTOR-based therapy
(Tian et al., 2019). In 2017, Yeung et al. highlighted the Kirsten Rat Sarcoma (KRAS)
as a potential biomarker for the response of cancer cells to everolimus (Yeung et al.,
2017). Their study found that KRAS mutations were associated with resistance to
everolimus in 45 % of 20 advanced biliary tract cancer cell lines and this resistance
was linked to the activation of the PIBK/AKT/mTOR signalling pathway (Yeung et al.,
2017). However, there is still limited evidence and too few studies to consider KRas
as a reliable biomarker for predicting resistance to mTOR inhibitors in clinical
settings.

Another protein commonly used as an indirect marker for mTOR pathway activity in
both research and clinical settings is the S6 protein. S6 is a component of the 40S
small ribosomal subunit and acts as a RNA-binding protein in this context (Meyuhas,
2008; Yi et al., 2021). Among its various roles, S6 is involved in the translation of 5'
oligopyrimidine tract mMRNAs and the mTOR-mediated regulation of protein synthesis
(Dufner & Thomas, 1999; Komori et al., 2014; Ruvinsky et al., 2005; Yi et al., 2021).
S6 has been used for a long time as a marker of mTOR pathway activity in research
studies involving anal carcinomas (Stelzer et al., 2010), prostate cancer cell lines
(Mortensen et al., 2015), and bladder cancer (Svatek et al., 2019). Building on this, a
recent genome-wide CRISPR/Cas9 screen identified interleukin enhancer binding
factor 3 (ILF3) as an interaction partner of mTORC1 in the context of amino acid
sensing, with mTORC1 activity being assessed by pS6 fluorescence (Yan et al.,
2023). Moreover, a recent study on uterine leiomyosarcomas showed that aberrant
PIBK/mTOR signaling plays a crucial role in immune evasion (Wispelaere et al.,
2024), while another study on pediatric malformations of cortical development
revealed that mutations in the mTOR pathway lead to dysregulation of different

cellular functions (Bakouh et al., 2025), both using pS6 as an indicator of high mTOR
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pathway activity. Additionally to the research studies, several clinical trials have
utilized S6 as an indicator of mMTOR pathway activity, including one of the first
blinded studies on patients with sarcomas (lwenofu et al., 2008), an early trial on
glioblastoma (Cloughesy et al., 2008), and a more recent Phase |l clinical trial on
prostate cancer (George et al., 2020). While the sarcoma trial aimed to investigate
S6 as a biomarker of mTOR activity, most clinical trials focus on exploring the
potential benefits of first-generation mTOR inhibitors for patients, using S6 as a key
biomarker. This makes S6 one of the most important proteins in this research area.
However, it has not yet been demonstrated that pS6 serves as an indicator of mMTOR
activity in panNET. Our findings demonstrate a strong correlation between pS6
expression and mTOR pathway activation in panNET tissue, with 22% of cases
showing elevated pS6 levels. These high pS6-expressing cases were further
associated with an enrichment of genes related to the mTORC1 pathway during
GSEA analysis. Additionally, pS6 expression was found to be upregulated in the
panNET cell lines BON1 and QGP1 and treatment with rapalogues led to a 50-70 %
decrease of these pS6 levels. Taken together, these findings suggest that pS6 could
serve as a potential indicator of mTOR pathway activation in panNET, providing
valuable insights for future therapeutic strategies targeting mTOR signaling in these
tumors.

Interestingly, there has been recent discussion regarding the potential benefits of S6
kinase inhibitors in cancer patients, with some inhibitors being in preclinical or clinical
trial stage (Artemenko et al., 2022). The first reported S6 inhibitor to reach Phase |
trials was LY2584702, which has been tested as a monotherapy (Tolcher et al.,
2014) or in combination with mTOR inhibitors (Hollebecque et al., 2014) in advanced
solid tumours. Unfortunately, the inhibitor demonstrated limited efficacy and was
discontinued due to unfavourable pharmacokinetics. However, it has paved the way
for the development of other inhibitors, which have not reached clinical trial stages
yet (Artemenko et al., 2022). A dual p70S6K/AKT inhibitor showed promising results
in a Phase | trial for advanced breast cancer (Tsimberidou et al., 2021) and RNA-
based therapies targeting S6, such as miRNA and IncRNA, are being explored (Ma
et al., 2018). The present study could also pave the way for the development of more
effective therapeutic strategies targeting the S6 pathway, potentially improving
treatment outcomes for patients with mTOR pathway-driven cancers.

As we correlated the pS6 expression with the mTOR pathway activity in panNET, we
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identified 22 % of tumours with activated mTOR pathway. Previous studies have
reported mTOR activity in 33 to 52 % of panNET (Komori et al., 2014; G. Lamberti et
al., 2017). The great variability between the percentages can be attributed to
variations in study design, pre-existing conditions of patients, patient treatments, and
consequently, the quality of the sample material used. While the present study
focused solely on panNETs (both poorly and well-differentiated), Lamberti et al.
exclusively examined tissue from patients with well-differentiated NETs originating
from the pancreas and gastrointestinal tract (Giuseppe Lamberti et al., 2018).
Furthermore, both Lamberti and Komori examined a smaller number of panNET
cases compared to our cohort of 157 cases (Komori et al., 2014; G. Lamberti et al.,

2017), which represents one of the largest cohorts studied to date.

4.2 The spectrum of mitochondrial mutations varied widely among panNET
and was independent of mTOR signaling

The first somatic point mutations of the mtDNA were discovered by Polyak et al.,
who analyzed the complete mitochondrial genome of ten colorectal cancer cell lines
(Polyak et al., 1998). In the following years, numerous somatic mutations in the
mitochondrial genome have been found, with the frequency of these somatic mtDNA
mutations varying between different tumour entities (Schon et al., 2012; Stewart et
al., 2015). A study of 31 tumour types showed that 59 % of cancer samples harbored
at least one somatic mtDNA mutation (Ju et al., 2014), whereby another study on
five different cancer types revealed that the frequencies of these deleterious tumour-
specific somatic mutations ranged from 13% in glioblastomas to 63% in rectal
adenocarcinomas (Larman et al., 2012). The mtDNA and mitochondria have also
been shown to play an important role in neuroendocrine tumours. A study by Yang et
al. investigated a cohort of neuroendocrine tumours and carcinomas and identified
four molecular subtypes that differ in their genetic alterations, molecular landscape,
and histo-pathological features (Yang et al., 2021). In particular, the Alpha cell-like
subtype displayed significantly elevated mitochondrial parameters, including
increased mitochondrial-protein content and higher expression of oxidative
phosphorylation genes (Maluchenko et al., 2024; Yang et al., 2021). Despite these
findings highlighting the importance of mitochondria in NETs, due to the low
incidence and heterogeneity of panNET, little is known about the frequency of

mtDNA mutations in this tumour type.
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In the present study we found that 41 % of the investigated panNET harbour at least
one somatic mutation of the mtDNA. The mutations were found in all regions of the
mtDNA (non-coding region, genes coding for rRNAs, genes coding for tRNAs and
genes coding for respiratory chain complexes) with the most frequent mutations
occurring in genes for respiratory chain complexes. Interestingly, these mutations
were independent of the mTOR pathway activity in panNET. A possible explanation
could lie in the distinct mechanisms that regulate mitochondrial function and genomic
stability. While the mTOR pathway plays a central role in regulating cell growth and
survival, particularly through the control of autophagy and mitophagy (Bartolomé et
al., 2017; Y. C. Kim & Guan, 2015; Qiao et al., 2022), the occurrence of mtDNA
mutations depends on other, complex processes that go beyond the mTOR pathway.
Although some mtDNA mutations are inherited across generations, a significant
number develops over the course of a lifetime (Burr & Chinnery, 2024). In the case
of cancer, it has been suggested that somatic mtDNA mutations are acquired during
tumorigenesis, as they are absent in the adjacent non-cancerous tissue (Caldiran &
Aydemir, 2024; Smith et al., 2022). Due to the lack of a protective histone structure
and their proximity to the main site of ROS production in the cell, mtDNA mutations
can arise from oxidative stress or damage induced by external agents (K. Chen et
al.,, 2022; Roy et al., 2022; Shokolenko et al.,, 2009). Moreover, errors in
mitochondrial DNA replication, disruptions in mitochondrial biogenesis as well as
environmental factors can also cause mutations of the mtDNA (Craigen, 2012). All
these processes can take place independently of the mTOR activity and therefore
lead to the observed occurrence of mTOR-independent mtDNA mutations in
panNET. Although it is still debated whether mtDNA mutations have tumor-promoting
(Kim et al., 2016), tumor-suppressing (lommarini et al., 2014), or neutral effects (Ju
et al.,, 2014) on carcinogenesis, it is most often described that mtDNA mutations
occur in cancer cells because they have special energy needs, due to their
increased growth and proliferation rates (Hanahan, 2022). In many cases, these
mutations lead to enhanced oxidative phosphorylation (OXPHOS), which boosts
energy production and helps meet the increased demand (Hanahan, 2022).
However, in the case of panNETSs, a special scenario arises: A higher percentage of
these tumours show increased mTOR pathway activity (Komori et al.,, 2014; G.
Lamberti et al., 2017), which has been connected to high tumour growth and

progression in different entities (Hua et al.,, 2019; Saxton & Sabatini, 2017). It is
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possible that panNET cancer cells are not only relying on mitochondrial changes and
OXPHOS to meet their elevated energy needs, but are also utilizing mTOR-mediated
mechanisms, such as the activation of metabolic pathways for energy production.
This could explain why no direct correlation between mTOR activity and mtDNA
mutations was observed in our study. The panNETs seem to be using alternative
mechanisms for energy supply, allowing mtDNA mutations to occur independently of
mTOR pathway activation.

Another possible explanation for the lack of association between mTOR and mtDNA
mutations could be that the treatment of patients may have influenced the results.
Studies have shown that mTOR inhibition can reduce mtDNA mutations. For
example, a study by Chung et al. demonstrated that one of the most common
disease associated mtDNA mutations, the m.3243 A>G mutation, leads to
upregulation of the PI3K-AKT-mTORC1 axis and that inhibition of the mTOR
signalling pathway results in reduced mtDNA mutant load in tissue and cell culture
experiments (Chung et al., 2021). Similarly, Dai et al. showed that rapamycin
reduced the G11778A mutation associated with Leber's hereditary optic neuropathy
in cybrid cells (Ying Dai et al., 2014). However, since our study lacked sufficient data
on whether patients were treated with mTOR inhibitors, it is challenging to determine
whether such treatments may have influenced the correlation between mTOR and

mtDNA mutations in our cohort.

4.3 ldentification of PGC1a as a target of mTOR in panNET with activated
mTOR pathway signalling

The next step was to dissect the molecular alterations that were induced by
activation of the mTOR signaling pathway in panNET. It is known that mTOR
impacts a variety of mRNAs related to nucleus encoded mitochondrial proteins,
including mMRNAs encoding for components of the oxidative phosphorylation and
proteins that are involved in the transcription and translation of the mtDNA (Larsson
et al., 2012). For instance, mTORc1 has been shown to regulate the transcription of
mitochondrial mMRNAs by inhibiting the 4E-binding proteins (4E-BPs) (Morita et al.,
2013). This early discovery revealed that mTORC1 affects the expression of
mitochondrial ribosomal proteins, components of complexes | and V of the oxidative
phosphorylation pathway, as well as the transcription factor TFAM (Morita et al.,

2013). More recent studies also underline the role of mTORC1 in regulating
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mitochondrial translation. For example, investigations in primary human trophoblast
cells demonstrate that inhibition of the mTOR pathway affects the expression of
various proteins related to mitochondria and oxidative phosphorylation (OXPHOS)
(Rosario et al., 2019; Rosario et al., 2020). Although there has been no direct
connection between mTORC2 and the transcription of mitochondrial mRNAs, there
is some evidence suggesting that this complex might also influence this process. For
instance, mMTORC2 has been shown to interact with key molecules such as AKT and
Connexin 43, which play significant roles in cellular metabolism or act as structural
proteins (Bantug et al., 2018; S. Wang et al., 2022). These interactions have been
shown to impact the regulation of mitochondrial gene expression, contributing to
mitochondrial integrity and the maintenance of energy homeostasis (Bantug et al.,
2018; S. Wang et al., 2022).

One interesting protein family that has been described to connect mTOR and

mitochondria in NET before, is the PGC1 family, with PGC1a being the most well-

known representative. PGC1a is a 91 kDa protein that is encoded by the
PPARGC1A gene which consist of 13 exons and is locates on chromosome 4p15.2
(Liang & Ward, 2006). The protein is located in the nucleus and mainly expressed in
tissue with high energy demand as it is involved in metabolic key processes, like
mitochondrial biogenesis, glucose metabolism and adaptive thermogenesis (Liang &
Ward, 2006). PGC1a interacts with at least 20 different nuclear factors and
alternative splicing leads to several tissue-specific isoforms of PGC1a, whereby all
these isoforms act as transcriptional coactivators (Liang & Ward, 2006; Martinez-
Redondo et al.,, 2015; Mastropasqua et al., 2018; Villena, 2015). In general,
members of the PGC1 family are connected to different disease besides cancer,
including neurodegenerative diseases, metabolic disorders or cardiovascular
diseases (Qian et al., 2024). Interestingly, a study postulates that a considerable
number of patients with small cell neuroendocrine tumours exhibit high expression of

PGC1a (Varuzhanyan et al., 2024). Varuzhanyan et al. showed that high expression
of PGC1a leads to enhanced OXPHOS and that PGC1a influences both the

progression and subtype determination of small cell neuroendocrine tumours
(Varuzhanyan et al., 2024). In the present study, we were able to identify PGC1a as
a partner of the mTOR signaling pathway in panNET. The PPARGC1A was the most

significantly upregulated gene in panNET tissue samples with activated mTOR
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pathway and inhibition of mTOR leaded to reduced PGC1a expression in the
panNET cell line BON1. Interestingly, we couldn’t find any changes in the expression
of the protein after inhibition of mTOR in the panNET cell line QGP1. Studies
performing comprehensive characterizations of both cell lines revealed significant
similarities between them, with one notable difference found in the RAS-pathway
between BON1 and QGP1 (Luley et al.,, 2020; Vandamme et al., 2015). This
pathway is a crucial cellular pathway involved in regulating cell growth, cell survival
and cell differentiation (Bahar et al., 2023). It is activated by different RAS proteins,
which are expressed in various tissues, vary in the frequency of mutations in certain
cancers, and have different relevance in specific diseases (Bahar et al., 2023). All
RAS proteins act as molecular switches that activate various downstream kinases,
such as RAF, MEK, and ERK, that control gene expression and cell functions (Bahar
et al., 2023).In the present study, BON1 cells harbor a NRAS mutation, while QGP1
cells carry a KRAS mutation (Vandamme et al., 2015). Mutations in RAS genes are
known to drive aberrant activation of downstream signaling cascades, including the
PIBK/AKT/mTOR and MAPK/ERK pathways (Prior et al., 2012). These signaling
networks can cross-regulate one another and impact the cellular response to mTOR
inhibition. In BON1 cells, the NRAS mutation may lead to a more direct and robust
activation of the mTOR pathway, making the cells more responsive to mTOR
inhibition. Consequently, inhibition of mTOR could more effectively reduce PGC1a
expression in these cells. On the other hand, the KRAS mutation in QGP1 cells
could activate different compensatory pathways, such as the PI3K/AKT or MEK/ERK
axes, which might override or diminish the effect of mTOR inhibition on PGC1a
expression. These alternative pathways could maintain cellular homeostasis and
prevent a significant decrease in PGC1a levels despite mTOR pathway inhibition.
Interestingly, we observed that mTOR inhibition by rapalogues was more effective in
BON1 cells at the protein level, with a 60-70% reduction in pS6 expression,
compared to a 50% reduction in QGP1 cells. This suggests that KRAS mutations in
QGP1 cells might contribute to partial resistance to mTOR inhibition. This hypothesis
is further supported by findings from Yeung et al. (2017), who demonstrated that
KRAS mutations were associated with resistance to everolimus in 45% of 20
advanced biliary tract cancer cell lines (Yeung et al., 2017).

In the present study, not only did mTOR seem to influence PGC1a, but PGC1a also
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appeared to have an impact on mTOR signaling. We showed that PGC1a was highly
expressed in mTOR-activated panNETSs, and that reduction of PGC1a by siRNA led
to a 50-60 % reduction in pS6 expression in panNET cell lines. Therefore, PGC1a
appears to be more than just a downstream target of mTOR; the reciprocal
interaction between these two pathways points to a more dynamic relationship.
Previous studies have also described this mTOR-PGC1a axis in various cancer
types and biological processes. For example, in lung epithelial cells, the
mTOR/PGC1a/f axis was found to be upregulated in senescent cells (Summer et
al., 2019), suggesting that this pathway may contribute to cellular aging and
senescence. Summer et al. proposed that targeting this axis could be beneficial for
patients, though preclinical studies have produced mixed results (Houssaini et al.,
2018; Summer et al., 2019). Moreover, recent studies of Infectious spleen and
kidney necrosis virus and miscarriages have highlighted the involvement of the
MmTOR-PGC1a axis in regulating cellular metabolism and stress responses (X. Fu et
al., 2022; Zhu et al., 2024). In ISKNV-infected cells, mTOR activation promotes the
PGC-1a/SIRT3 pathway, influencing viral replication (X. Fu et al., 2022). Similarly, in
miscarriage tissue, the mTOR/PGC1a axis is implicated in mitochondrial dysfunction
and cell apoptosis, leading to pregnancy loss (Zhu et al., 2024). In addition, the
MmTOR/PGC1a axis is involved in key metabolic processes such as cellular
reprogramming and gluconeogenesis. For instance, studies have shown that
suppression of mTORc1 and PGC1a is crucial for mitochondrial remodeling during
somatic cell reprogramming (L. Wang et al., 2020). Additionally, mTORc1 plays a
critical role in regulating hepatic gluconeogenesis through PGC1a (G. Wang et al.,
2022), highlighting the importance of this pathway in energy metabolism and
metabolic diseases. Taken together, these studies underscore that the mTOR-
PGC1a axis plays a critical role in various pathophysiological conditions, presenting

a potential therapeutic target across multiple diseases.

4.4 Identification of mortalin as a target of mTOR in high grade panNET with
activated mTOR pathway

To not only dissect molecular alterations that were induced by activation of the
mTOR signaling pathway in panNET but to also investigate them in the context of
clinic pathological features, high grade (G2/G3) panNET tissue samples with mTOR

pathway activity were compared against low grade (G1) panNET tissue samples with
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mTOR pathway activity. We identified the HSPA9 gene as the most upregulated
gene in high grade (G2/G3) panNET tissue samples with mTOR pathway activity. In
general, HSPA9 encodes the protein mortalin, which is a member of the HSP70
subfamily. This family is a group of molecular chaperones that are involved in protein
folding, regulation of apoptosis and cell survival (Bhattacharya et al., 2020;
Esfahanian et al., 2023; Radons, 2016). Although the majority of HSP70 family
members share similar structural characteristics, mutations in their coding regions
determine their organelle specificity (McCallister et al., 2015). Mortalin contains a
mitochondrial-targeting signal peptide at the N terminus, which makes it not
surprising that 70 % of the protein is located in the mitochondria (Dahlseid et al.,
1994; Esfahanian et al., 2023). In general, mortalin plays a crucial role in
mitochondrial processes trough the folding and stabilization of nuclear-encoded
mitochondrial proteins and has an impact on different cancer related processes
(Esfahanian et al., 2023). For instance, mortalin can bind with p53, a tumour
suppressor that is frequently mutated in different cancer types, thereby promoting
tumour growth and formation (Sabapathy & Lane, 2019). The binding of mortalin to
p53 prevents the tumour suppressor from being transported to the nucleus, impairing
its tumour-suppressive functions (Elwakeel, 2022; Gestl & Anne Bottger, 2012). This
is in accordance with the observation, that mortalin is upregulated in different tumour
types, like breast cancer (R. Zhang et al., 2021), gastric cancer (Yi Dai et al., 2021)
or colorectal cancer (Javid et al., 2022), diminishing the overall survival of patients
(Esfahanian et al., 2023; Yoon et al., 2022). Moreover, in medullary thyroid
carcinoma (a neuroendocrine tumour) reduction of mortalin leads to cell death and
decreased proliferation in cell culture experiments (D. Starenki et al., 2015). In line
with our findings that mortalin is primarily upregulated in high-grade panNETs with
mTOR pathway activity, it has been shown that the upregulation of this protein
affects not only patient survival but also tumorigenesis and tumour progression to a
more aggressive phenotype (Kaushal et al., 2024).

In contrast to mortalin in cancer, little is known about the relationship between mTOR
and the protein so far. A study revealed that loss of mortalin function induces
mitochondrial stress and apoptosis in different human cell lines (Burbulla et al.,
2014). Burbulla et al. postulate that this effect can be rescued by the PTEN-induced
kinase 1 (PINK1) in cells with a functional autophagic machinery (Burbulla et al.,

2014). Interestingly, this protective effect of PINK1 has been observed in cells
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treated with the mTOR inhibitor rapamycin (Sarkar & Rubinsztein, 2008), a
compound that inhibits mTORC1 and induces autophagy, suggesting that mTOR
may influence the autophagic response to mortalin loss. Taken together, our results
highlight that mortalin is not only a critical player in mitochondrial function but also a
key regulator within the mTOR signaling pathway in high-grade panNETs,
suggesting that targeting mortalin or its interactions with mTOR could offer promising
therapeutic strategies for these aggressive tumors.

It is noteworthy that PGC1a, which we show to be generally upregulated in panNET
with high mTOR pathway activity, has been reported to correlate with mortalin in
some studies. For example, a study by Starenki et al. investigated the effect of the
mortalin inhibitor MKT-077 on medullary thyroid carcinoma (MTC), a type of
neuroendocrine tumour (Dmytro Starenki & Park, 2015). The study found that, in
some MTC cells, inhibition of mortalin led to a decrease in the expression of PGC1aq,
along with other markers of mitochondrial integrity (Dmytro Starenki & Park, 2015).
Additionally, another study by Cai et al. showed that a decrease in PGC1a in
neuroblastoma cells resulted in a reduction of mortalin expression (Cai et al., 2020).
Taken together, these studies suggest a complex relationship between PGC1a and
mortalin, where changes in one may influence the expression of the other,
highlighting their potential interconnected roles in mitochondrial integrity and
neuroendocrine tumour biology.

Based on the observation that Mortalin, unlike PGC1a, does not influence pS6
expression in cell culture experiments, it is possible that Mortalin could be a
downstream target of mTOR. Additionally, in the tumour microenvironment, factors
such as hypoxia or nutrient deprivation could impact mTOR activity and,
consequently, the regulation of mortalin in ways that differ from standard cell culture
conditions. These stress factors could lead to a differentiated regulation, affecting the

direct relationship between mortalin and pS6 observed in specific experiments.

5. Conclusion and future directions

The mTOR signalling pathway plays an important role in targeted drug therapy for
panNET, and there has been ongoing discussion about the potential benefits of
combination therapy with  mTOR inhibitors and drugs targeting mitochondrial
pathways. However, investigating this question has proven challenging due to the

rarity of panNET, which results in a limited number of available research samples. As
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a consequence, our understanding of the impact of mMTOR activity on the molecular
characteristics of this cancer remains insufficient. In the present study, we
established one of the largest cohorts to date, consisting of 157 cases. Despite the
challenges in finding reliable biomarkers for mTOR treatment, we identified that 22%
of panNET cases with activated mTOR pathway. Additionally, our study
demonstrates that pS6 serves as a reliable biomarker for mTOR pathway activity in
this tumour entity. Although we did not find any correlation between mTOR signalling
activity and somatic mutations in the mtDNA, we successfully identified several
mitochondria-related targets of mTOR in panNET. Notably, the most significantly
upregulated gene in panNET with mTOR pathway activity was PPARGC1A, which
encodes PGC1a. This protein is described as the master regulator of mitochondrial
biogenesis and has been investigated in some NET before but never in combination

with the mTOR pathway activity. Interestingly, cell culture experiments showed that

PGC1a also influences the mTOR pathway activity of panNET. Given the possibility
that PGC1a may not only be regulated by mTOR but also influence mTOR pathway

activity in panNET, future studies should focus on the molecular mechanisms

underlying this interaction. Investigating whether PGC1a acts as a downstream

target of mTOR or if its role in the mTOR-PGC1a axis involves a reciprocal feedback
loop will be crucial in understanding the broader implications for targeted therapies.
Additionally, exploring the impact of mTOR-PGC1a interaction on mitochondrial
function and panNET progression could provide new insights into potential
therapeutic strategies, especially in combination therapies targeting both mTOR and
mitochondrial pathways. In addition, mortalin could be identified as a target of mTOR
in high-grade mTOR activated panNET in this study. Mortalin is also a mitochondria-
related protein that has been associated with aggressive characteristics in other
tumour entities. In contrast to PGC1a, mortalin did not affect the mTOR pathway
activity in panNET cell lines, indicating that it could be a downstream target of
mTOR.

Overall, this study not only highlights key molecular targets involved in mTOR
pathway activity but also opens the door to future research on the complex interplay
between mTOR signalling and mitochondrial functions in panNET. Investigating this
axis in greater detail may provide valuable insights for the development of more

effective, targeted therapeutic strategies for this rare and challenging cancer.
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Supplementary

[#Gennamen anpassen

rna <- read.csv(file.choose(),header=TRUE,sep=";")
rna <- data.frame{rna, row.names = 1)

rna <- tibble::rownames to_column{rna, "VALUE")
rna$VALUE <- gsub(":chr.*", ™" rna$VALUE)
rnafVALUE <- gsub(".*\\:", "",rnaBVALUE)

rna <- rna[!duplicated(rnalc("VALUE")]),]

rna <- data.frame{rna, row.names = 1)

#Import Counts

rawCounts <- read.csv(file.choose(),header=TRUE,sep=";")
head (rawCounts)

geneID <- rawCounts$Gene.ID

rawCounts <- data.frame(rawCounts, row.names = 1)

head (rawCounts)

#Import Sample Information

sampleData <- read.csv(file.choose(),header=TRUE,sep=";")
head (sampleData)

sampleData <- data.frame(sampleData, row.names = 1)

#Vorbereitung Matrix

sampleIndex <- grepl("H\\d+", colnames(rawCounts))+ grepl(”SS\\d+", colnames(rawCounts))
rownames (rawCounts) <- genelD

rawCounts <- rawCounts[,unigue(rownames(sampleData))]

all(colnames(rawCounts) == rownames(sampleData))
deseg2Data <- DESegDataSetFromMatrix{countData = rawCounts, colData = sampleData, design = ~condition)
dim(deseq2Data)

dim(deseq2Data[rowSums (counts(deseq2Data)) » 5, 1)
library(BiocParallel)

register(SnowParam(4))

deseq2Data <- DESeq(deseq2Data)

#Vergleich Expression active ws inactive

deseq2Results <- results(deseq2Data, contrast = c(“"condition”, "active”, “inactive™))
View(deseq2Results)

deseq2Results_save <- deseq2Results

deseq?Results <- results(deseq2Data, contrast = c(“"condition”, "active", "inactiwve"))
summary(deseq2Results)

[#Daten speichern
rite.csv(deseq2Results, "deseq2Results.NET.csv")

#Extraktion normalized counts won DESeq2
norm_counts <- counts{deseq2Data, normalized = T)

#Speichern normalized counts
rite.csv(norm_counts, "norm_counts.NET.activity.csv")

Figure S 1: Bioinformatic code for differentially expression analysis of RNA-sequencing data.

The expression analysis was performed using the DESeq2 package in R.
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Required fields

Expression dataset ImTORcountsoutput.gct [18238x69 (ann: 18238,69,chip na)l ?}
Gene sets database |g:ijub/gsea/rnsigdbfhurnan/gene_sets/h.all.v2023.2.Hs.symbols.grnt[ }
Number of permutations |1000 [?}
Phenotype labels |Jeslctop\GSEA\Input\mTORcountsoutput.cls.tx‘t#activefversusjnactive[ }
Collapse/Remap to gene symbols I Collapse ?}
Permutation type Igene_set ﬂ
Chip platform ||man/annotations[Human_EnsembI_Gene_lD_MSigDB‘v2023.2.Hs‘chip [ }
Basic fields
Analysis name |activity _geneset_classic_ratioofclasses ‘
Enrichment statistic Iclassic 7}
Metric for ranking genes IRatio_of_CIasses 7}
Gene list sorting mode Ireal 7}
Gene list ordering mode Idescending 7}
Max size: exclude larger sets |1500 [7}
Min size: exclude smaller sets |15 [7}
Save results in this folder |C:\Users\bIaue\OneDrive\Desk‘top\GSEA\Output [ }

Advanced fields

Figure S 2: System settings for GSEA.

The analysis was performed using the GSEA software provided by Broad Institutes.
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Figure S 3: Original, non-cleaved Western Blot images.

The red boxes indicate the regions of the original blots used for the main figures. A) The image shows

the original Western Blot for the detection of pS6 in the main figure 15A. Due to secondary antibodies

103



from different host species, pS6 (rabbit) and S6 (mouse) could be detected on the same membrane
without any signal interferences. Due to secondary antibodies from different host species and different
molecular weights, pS6 (rabbit, 35 kDa) and Actin (mouse, 40 kDa) could be detected on the same
membrane without any signal interferences. B) The image shows the original Western Blot for the
detection of pS6 in the main figure 15B. The sample 1 was excluded from the main figure. C) The
image shows the original Western Blot for the detection of S6 in the main figure 15C. The sample 1
was excluded from the main figure. D) The image shows the original Western Blot for the detection of
pS6 in the main figure 15D. E) The image shows the original Western Blot for the detection of S6 in
the main figure 15E. F) The image shows the original Western Blot for the detection of PGC1a in the
main figure 17B. The sample 1 was excluded from the main figure. For a better understanding, the
Western Blot image has been mirrored in the main figure. G) The image shows the original Western
Blot for the detection of PGC1a (BON1 cell line) in the main figure 17C. The samples 1 - 3 were
excluded from the main figure. The shown blot is the same blot as in F, but other samples of the blot

are focused. H) The image shows the original Western Blot for the detection of PGC1a (QGP1 cell

line) in the main figure 17C. The samples 1 and 2 were excluded from the main figure. For a better
understanding, the Western Blot image has been mirrored in the main figure. I) The image shows the
original Western Blot for the detection of Mortalin (BON1 cell line) in the main figure 17D. The samples
1 - 4 were excluded from the main figure. For a better understanding, the Western Blot image has
been mirrored in the main figure. J) The image shows the original Western Blot for the detection of
Mortalin (QGP1 cell line) in the main figure 17D. The samples 1 - 3 were excluded from the main
figure. For a better understanding, the Western Blot image has been mirrored in the main figure. K)
The image shows the original Western Blot for the detection of pS6 in the main figure 19A. Due to
secondary antibodies from different host species, pS6 (rabbit) and S6 (mouse) could be detected on
the same membrane without any signal interferences. Due to secondary antibodies from different host
species and different molecular weights, pS6 (rabbit, 35 kDa) and Actin (mouse, 40 kDa) could be
detected on the same membrane without any signal interferences. L) The image shows the original
Western Blot for the detection of pS6 in the main figure 19B. Due to secondary antibodies from
different host species, pS6 (rabbit) and S6 (mouse) could be detected on the same membrane without
any signal interferences. Due to secondary antibodies from different host species and different
molecular weights, pS6 (rabbit, 35 kDa) and Actin (mouse, 40 kDa) could be detected on the same

membrane without any signal interferences.
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Table S 1: List of all mtDNA mutations detected in the panNET collective.

All cases with activated mTOR pathway are marked in grey.

Position on the Amino Detect Frequen | Coding region
ID | Lokus acid Reference Impact 9 Eres
mtDNA ed cy change
change
16S m.2553G>A
2 RNA 2553 SNV G A 28,24 RNR2
16S m.3107delN
4 RNA 3107 del N - 98,58 RNR2
D- TCCCCCGC m.3107318delTC
A -
Loop 3107318 del T 10,16 CCCCGCT
5 leli 2053 SNV T C 41,10 | m.2053T>C RNR2
mtND 13958 SNV G A non- 21,58 m.13958G>A
5 synonymous mtND5
16S m.3107delN
22 RNA 3107 del N - 99,10 RNR2
16S m.3107delN
25 RNA 3107 del N - 98,90 RNR2
27
12S m.1447G>A
RNA 1447 SNV G A 12,61 RNR1
16S m.3107delN
. RNA 3107 del N - 98,44 RNR2
mtND 3918 SNV G C non- 14,63 m.3918G>C
1 synonymous mtND1
mtND 4238 SNV T G non- 10,09 m.4238T>G
1 synonymous mtND1
D- m.3097316delCT
/A -
37 lesp 3097316 del CTCCCCCG 44,18 CCCCCa
44
46
non-
51 COXI 6004 SNV G C 40,47 | m.6004G>C COXI
synonymous
56
16S m.3107delN
61 RNA 3107 del N - 98,85 RNR2
64 | coxi 5917 SNV G A non- 83,89 | m.5917G>A COXI
synonymous
68
81
96
16S m.2492G>A
RNA 2492 SNV G A 86,49 RNR2
16S m.2926A>G
- RNA 2926 SNV A G 90,84 RNR2
16S m.3107delN
RNA 3107 del N - 98,53 RNR2
mtND 13171 SNV T C non- 92,12 m.13171T>C
5 synonymous mtND5
161 | mtND 476874769 MNV TA CG non- 15,71 m.476874769
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2 synonymous mtND2
165
167
179
182
13
84
. VLT
D 4327433 ins - C synonymous 57,20 m.4324433insC
10 | Ltoop (s)
16S m.3107delN
RNA 3107 del N - 98,85 RNR2
12 | cox3 9478 del T - non- o730 | M-o478dell
synonymous COXIlI
20
15
26
)8 mtND 10972 SNV A T non- 44,99 m.10972A>T
4 synonymous mtND4
29 mtND 3418 SNV A T non- 15,79 m.3418A>T
1 synonymous mtND1
mtND 4905 SNV T C non- 94,6 m.4905T>C
31 2 synonymous mtND2
mtND 5221 SNV T C non- 23,56 m.5221T>C
2 synonymous mtND2
35
- N i
36 | COXI | 734207343 ins - A non 35,74 | M-734277343ins
synonymous A COXI
38
39
40
41
45
47 mtND 11693 SNV G A non- 93,64 m.11693G>A
4 synonymous mtND4
ag | > 310 Replace T ccTC 63,07 | m.310T>CCTC
Loop ment
50
55 b- 4517452 ins - T 95,8 m.4517452insT
Loop
59 1975 SNV T C 59,22 m.1975T>C
14
128
879 SNV T T 96,97 m.879T>T RNR1
RNA
16S
RNA 2099 SNV T T 97,89 | m.2099T>T RNR2
16S
62 RNA 2457 SNV A A 98,62 | m.2457A>A RNR2
N
COXI | 637976380 | MNV TA TA | Synomymous | g5, |M-637976380TA>
TA COXI
N
COXI | 640976410 | MNV TC TC | PYOMYMOUS 9505 m'64$3 CG(;‘QIOTO
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synonymous

m.10880T>T

ND4 10880 SNV T T 97,85 mtND4
ND4 10983 SNV T T synonymous 93,04 m.10983T>T
mtND4
tRNA m.12271T>T
Leu 12271 SNV T T 97,34 tRNA Leu
~ -
mt5ND 12417712418 ins ) ) synonymous 99,49 m.1241rzs 12418i
mtND 13231 SNV A A synonymous 98,7 m.13231A>A
5 mtND5
21 mtND 11274 SNV G A non- 82,36 m.11274G>A
4 synonymous mtND4
63
65 D- 310 Rep T CCTC 53,92 m.310T>CCTC
Loop
70 mtND 4867 SNV G A non- 82,65 m.4867G>A
2 synonymous mtND2
12S m.1082A>G
82 RNA 1082 SNV A G 23,28 RNR1
128
RNA 1202 SNV G A 86,34 | m.1202G>ARNR1
115
16S m.3107delN
RNA 3107 del N - 98,82 RNR2
122
135
136
138
139
141
16S m.3107delN
142 RNA 3107 del N - 97,73 RNR2
143
16S m.3107delN
146 RNA 3107 del N - 99,17 RNR2
tRNA m.12283G>T
147 Leu 12283 SNV G T 10,52 tRNA Leu
153
16S m.3107delN
158 RNA 3107 del N - 99,13 RNR2
163
16S m.3075G>A
164 RNA 3075 SNV G A 47,46 RNR2
173
16S m.3107delN
3107 del N - 99,03
174 RNA — RNR2
CYB 15366 SNV A G 29,64 | m.15366A>G CYB
synonymous
175
16S . m.3107delN
e RNA 3107 Deletion N - 98,74 RNR2
- /A
COXIl | 814378144 | MNV TA AC non 1p | M814378144TA>
synonymous AC COXII
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180
181 mtND 12979 SNV G non- 21,77 m.12979G>A
5 synonymous mtND5
183
184
185
187
188
189 mtND 3667 SNV T non- 56,13 m.3667T>C
1 synonymous mtND1
190
12S
9 1129 SNV T 85 m.1129T>C RNR1
RNA
tRNA m.1447G>A
18 Glu 14741 SNV A 65 RNR1
17

del: Deletion; ins: Insertion; SNV: Single nucleotide variant; MNV: Multi-nucleotide variant, Rep:

Replacement

Table S 2: Gene sets enriched in panNET with high mTOR pathway activity.

Enrichment score (ES) reflects the degree to which a gene set is overrepresented at the top or bottom

of a ranked list of genes. Normalized enrichment score (NES) represents enrichment score

normalized across analyzed gene sets. Statistical significance is calculated by nominal p-value of the

ES using an empirical phenotype-based permutation test. Gene sets from the MSigDB database were

tested and gene sets with a false discovery rate (FDR) <0.25 and nominal p-value <0.01 were

considered significantly enriched in a prior defined set of genes. A nominal p-value of 0.000 stands for

an actual p-value of less than 1/number-of-permutations (in this work: 1/1000 = 0.001).

Name of gene set ES NES NOM p-val FDR g-val
HALLMARK_MTORC1_SIGNALING 0.16 2.62 0.000 0.002
HALLMARK_KRAS_SIGNALING 0.14 2.17 0.000 0.008
HALLMARK_BILE_ACID_METABOLISM 0.12 1.54 0.046 0.148
HALLMARK_UV_RESPONSE_DN -0.23 -3.16 0.0000 0.0000
HALLMARK_OXIDATIVE_PHOSPHORYLATION -0.19 -3.08 0.0000 0.0000
HALLMARK_MYC_TARGETS_V1 -0.16 -2.58 0.0029 0.0050
HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION -0.15 -2.44 0.0057 0.0130
HALLMARK_ANGIOGENESIS -0.34 -2.40 0.0049 0.0140
HALLMARK_UV_RESPONSE_UP -0.17 -2.39 0.0043 0.0150
HALLMARK_UNFOLDED_PROTEIN_RESPONSE -0.19 -2.27 0.0068 0.0270
HALLMARK_FATTY_ACID_METABOLISM -0.14 -2.08 0.0175 0.0810
HALLMARK_P53_PATHWAY -0.13 -2.05 0.0169 0.0890
HALLMARK_ANDROGEN_RESPONSE -0.18 -2.02 0.0172 0.1020
HALLMARK_APOPTOSIS -0.13 -1.95 0.0235 0.1430
HALLMARK_APICAL_JUNCTION -0.12 -1.93 0.0247 0.1620
HALLMARK_PROTEIN_SECRETION -0.17 -1.91 0.0269 0.1870
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HALLMARK_MITOTIC_SPINDLE -0.11 -1.82 0.0414 0.2950
HALLMARK_G2M_CHECKPOINT -0.11 -1.81 0.0402 0.3030
HALLMARK_ESTROGEN_RESPONSE_EARLY -0.11 -1.79 0.0417 0.3330
HALLMARK_COMPLEMENT -0.11 -1.74 0.0522 0.4090
HALLMARK_HEME_METABOLISM -0.11 -1.73 0.0508 0.4190

Table S 3: List of genes that are differentially regulated between panNET with high mTOR

pathway activity and panNET without activation.

The genes were determined using the DESeq2 package. All genes with Benjamin Hochberg adjusted
p-value (padj) < 0.05 were included. The data are represented as Wald-statistic (stat). Genes with

negative Wald-statistic values are down-regulated in panNET with high mTOR pathway activity

compared to panNET without activation and genes with positive values are upregulated.

Wald — statistic =

log2FoldChange

standard error of log2FoldChange

109

Ensembl_ Gene_ Stat_active_ | padj_active_ Ensembl_ Gene_ Stat_active_ | padj_active_
ID symbol inactive inactive ID symbol inactive inactive
ENSG00000104872 | PIH1D1 -6,07 8,08E-06 ENSG00000113013 | MORTALIN 3,97 4,84E-02
ENSG00000138207 | RBP4 -5,8 3,24E-05 ENSG00000067365 | METTL22 3,98 4,73E-02
ENSG00000133636 | NTS -5,05 1,74E-03 ENSG00000099797 | TECR 4,01 4,46E-02
ENSG00000111319 | SCNN1A -4,6 9,28E-03 ENSG00000130822 | PNCK 4,1 3,52E-02
ENSG00000162630 | B3GALT2 -4,21 3,48E-02 ENSG00000130255 | RPL36 4,1 3,52E-02
ENSG00000181617 | FDCSP -4,19 3,52E-02 ENSG00000291029 | FKBPSL 4,13 3,52E-02
ENSG00000135346 | CGA -4,14 3,52E-02 ENSG00000145506 | NKD2 4,3 2,58E-02
ENSG00000198203 | SULT1C2 -4,14 3,52E-02 ENSG00000120053 | GOT1 4,38 1,93E-02
ENSG00000189320 | FAM188A -4,11 3,52E-02 ENSG00000130649 | CYP2E1 4,4 1,92E-02
ENSG00000119048 | UBE2B -4,11 3,52E-02 ENSG00000127863 | TNFRSF19 4,42 1,92E-02
ENSG00000121621 | KIF18A -4,09 3,52E-02 ENSG00000160349 | LCN1 4,94 2,60E-03
ENSG00000178607 | ERN1 -4,01 4,46E-02 ENSG00000109819 | PPARGC1A 7,16 1,60E-08
ENSG00000066455 | GOLGAS -4,01 4,46E-02

ENSG00000165409 | TSHR -3,96 4,94E-02




Table S 4: List of genes that are differentially regulated between high grade (G2/G3) panNET

with high mTOR pathway activity and low grade (G1) panNET with high mTOR pathway

activity.

The genes were determined using the DESeq2 package. All genes with Benjamin Hochberg adjusted

p-value (padj) < 0.05 were included. The data are represented as Wald-statistic (stat). Genes with

negative Wald-statistic values are down-regulated in high grade (G2/G3) panNET with high mTOR

pathway activity compared to low grade (G1) panNET with high mTOR pathway activity.

Wald — statistic =

log2FoldChange

standard error of log2FoldChange

Ensembl_ Gene_ Stat_active_ina | padj_active_ina Ensembl_ Gene_ Stat_active_ina | padj_active_ina
ID symbol ctive ctive ID symbol ctive ctive
ENSG0000012 ENSG0000011
0899 PTK2B -4,408 0,002 1203 ITFG2 3,392 0,048
ENSG0000013 ENSG0000010
6143 SUCLA2 -4,249 0,003 9063 MYH3 3,394 0,048
ENSG0000012 ENSG0000017
1988 ZRANB3 -4,221 0,003 7853 ZNF518A 3,397 0,048
ENSG0000020 ENSG0000012
5078 SYCE1L -4,018 0,008 6010 GRPR 3,403 0,047
ENSG0000018 ENSG0000007
9013 KIR2DL4 -3,966 0,009 6706 MCAM 3,41 0,046
ENSG0000014 ENSG0000018
3156 NME7 -3,837 0,014 1616 OR52H1 3,41 0,046
ENSG0000017 ENSG0000013
0619 COMMD5 -3,834 0,014 7880 GCHFR 3,413 0,046
ENSG0000018 ENSG0000006
0440 SERTM1 -3,768 0,017 7606 PRKCZ 3,416 0,046
ENSG0000014 ENSG0000013
7133 TAF1 -3,604 0,028 8777 PPA2 3,418 0,046
ENSG0000014 ENSG0000020
3479 DYRK3 -3,567 0,032 4314 PRRT1 3,424 0,045
ENSG0000012 ENSG0000022
6878 AIF1L -3,559 0,032 1859 KRTAP10-10 3,431 0,044
ENSG0000027 ENSG0000000
6581 SPATA31A5 -3,541 0,033 8838 MED24 3,434 0,044
ENSG0000013 ENSG0000019
3961 NUMB -3,521 0,035 8105 ZNF248 3,463 0,041
ENSG0000023 ENSG0000010
6901 MIR600HG -3,448 0,043 5127 AKAP8 3,465 0,040
ENSG0000014 ENSG0000011
7649 MTDH -3,446 0,043 7016 RIMS3 3,465 0,040
ENSG0000010 ENSG0000007
6636 YKT6 -3,443 0,043 0985 TRPM5 3,475 0,039
ENSG0000011 ENSG0000010
5592 PRKAG3 -3,44 0,043 4946 TBC1D17 3,477 0,039
ENSG0000016 ENSG0000013
1973 CCDC42 -3,435 0,044 6514 RTP4 3,485 0,038
ENSG0000020 ENSG0000018
4410 MSH5 -3,426 0,045 4840 TMED9 3,495 0,037
ENSG0000017 ENSG0000028
1496 OR1L8 -3,405 0,047 8649 ACTL10 3,498 0,037
ENSG0000011
3621 TXNDC15 3,508 0,036
ENSG0000021
2807 OR2A1 3,509 0,036
ENSG0000010
0577 GSTZ1 3,617 0,035
ENSG0000010 | RRN3P2 3,617 0,035
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3472

ENSG0000022

1869 CEBPD 3,518 0,035
ENSG0000011

8004 COLEC11 3,52 0,035
ENSG0000010

9576 AADAT 3,525 0,035
ENSG0000022

5781 OR6V1 3,527 0,034
ENSG0000017

9855 GIPC3 3,53 0,034
ENSG0000000

4059 ARF5 3,534 0,034
ENSG0000029

3358 LOC653653 3,537 0,034
ENSG0000017

7189 RPSEKA3 3,541 0,033
ENSG0000010

4951 1L411 3,542 0,033
ENSG0000010

8953 YWHAE 3,546 0,033
ENSG0000013

7673 MMP7 3,55 0,033
ENSG0000017

9348 GATA2 3,551 0,033
ENSG0000014

4362 PHOSPHO2 3,552 0,033
ENSG0000016

8769 TET2 3,556 0,033
ENSG0000005

4967 RELT 3,598 0,029
ENSG0000024 | LOC100129

5748 931 3,603 0,028
ENSG0000010

8963 DPH1 3,61 0,028
ENSG0000010

0906 NFKBIA 3,618 0,027
ENSG0000015

5729 KCTD18 3,62 0,027
ENSG0000023

2629 HLA-DQB2 3,632 0,026
ENSG0000015

2455 SUV39H2 3,647 0,025
ENSG0000015

4917 RAB6B 3,652 0,024
ENSG0000010

6236 NPTX2 3,653 0,024
ENSG0000018

3258 DDX41 3,666 0,023
ENSG0000013

6937 NCBP1 3,673 0,023
ENSG0000015

1233 GXYLT1 3,686 0,022
ENSG0000013

6783 NIPSNAP3A 3,695 0,021
ENSG0000021

2724 KRTAP2-3 3,705 0,021
ENSG0000013

5617 PRADC1 3,713 0,020
ENSG0000015

7657 ZNF618 3,729 0,019
ENSG0000010

0124 ANKRD54 3,734 0,019
ENSG0000018

2512 GLRX5 3,735 0,019
ENSG0000011

0076 NRXN2 3,735 0,019
ENSG0000019

6678 ERI2 3,743 0,019
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ENSG0000016
6448 TMEM130 3,748 0,018
ENSG0000018
4530 C6orf58 3,753 0,018
ENSG0000013
2640 BTBD3 3,758 0,018
ENSG0000011
1087 GLI1 3,764 0,018
ENSG0000014
9150 SLC43A1 3,769 0,017
ENSG0000017
2967 XKR3 3,772 0,017
ENSG0000010
6028 SSBP1 3,782 0,017
ENSG0000015
8497 HMHB1 3,794 0,016
ENSG0000010
8424 KPNB1 3,802 0,016
ENSG0000014
9798 CDC42EP2 3,806 0,016
ENSG0000013
8834 MAPK8IP3 3,815 0,015
ENSG0000006
4687 ABCA7 3,819 0,015
ENSG0000023
0530 LIMD1-AS1 3,836 0,014
ENSG0000007
4201 CLNS1A 3,886 0,012
ENSG0000014
8411 NACC2 3,928 0,010
ENSG0000010
7560 RAB11FIP2 3,93 0,010
ENSG0000004
8707 VPS13D 3,93 0,010
ENSG0000014
6067 FAM193B 3,957 0,009
ENSG0000017
3611 SCAI 3,958 0,009
ENSG0000010
2010 BMX 3,977 0,009
ENSG0000007
3067 CYP2wW1 4,015 0,008
ENSG0000004
6774 MAGEC2 4,036 0,007
ENSG0000022
6761 TAS2R46 4,108 0,005
ENSG0000024
4694 PTCHD4 4,173 0,004
ENSG0000017
5215 CTDSP2 4,196 0,004
ENSG0000016
8646 AXIN2 4,226 0,003
ENSG0000012
7529 OR7C2 4,233 0,003
ENSG0000010
2078 SLC25A14 4,233 0,003
ENSG0000001
3374 NUB1 4,25 0,003
ENSG0000010
2524 TNFSF13B 4,25 0,003
ENSG0000021
2124 TAS2R19 4,277 0,003
ENSG0000010
6648 GALNTL5 4,292 0,003
ENSG0000012
0910 PPP3CC 4,293 0,003
ENSG0000023
7945 LINC00649 4,308 0,003
ENSG0000021 | TM6SF2 4,376 0,002

112




3996

ENSG0000010

9436 TBC1D9 4,403 0,002
ENSG0000016

5194 PCDH19 4,412 0,002
ENSG0000010

8242 CYP2C18 4,436 0,001
ENSG0000011

9686 FLVCR2 4,44 0,001
ENSG0000011

2494 UNC93A 4,471 0,001
ENSG0000018

5873 TMPRSS11B 4,485 0,001
ENSG0000024

2802 AP571 4,493 0,001
ENSG0000010

4897 SF3A2 4,587 0,001
ENSG0000010

4679 R3HCC1 4,601 0,001
ENSG0000008

7842 PIR 4,663 0,001
ENSG0000015

4640 BTG3 4,686 0,001
ENSG0000015

2939 MARVELD2 4,712 0,000
ENSG0000016

6634 SERPINB12 4,762 0,000
ENSG0000011

5705 TPO 4,802 0,000
ENSG0000010

1057 MYBL2 4,806 0,000
ENSG0000016

8159 RNF187 4,829 0,000
ENSG0000024

2779 ZNF702P 4,903 0,000
ENSG0000011

3013 MORTALIN 4,943 0,000

Table S 5: List of genes that are differentially regulated between BON1 cells treated with the

mTOR inhibitors everolimus and temsirolimus and the control.

For simplified evaluation, the control group included wild-type BON1 cells and BON1 treated with

DMSO, while the inhibitor group included BON1 cells that were treated with 1 yM everolimus and

temsirolimus for 72 hours. The genes were determined using the DESeq2 package. All genes with

Benjamin Hochberg adjusted p-value (padj) < 0.05 were included. The data are represented as Wald-

statistic (stat). Genes with negative Wald-statistic values are down-regulated in BON1 cells treated

with mTOR inhibitors compared to the control group.

Wald — statistic =

log2FoldChange

standard error of log2FoldChange

Ensembl_ Gene_ Stat_control_inh | padj_control_ Ensembl_ Gene_ Stat_control_in | padj_control_inhi
1D symbol ibitor inhibitor ID symbol hibitor bitor
ENSG0000013 ENSG0000017

8107 ACTR1A -22,32 1,06E-106 3281 PPP1R3B 2,656 4,97E-02
ENSG0000012 | TUBGCP6 -21,719 4,61E-101 ENSG0000012 | MYO1B 2,657 4,97E-02
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8159 8641

ENSG0000013 ENSG0000013

7714 FDX1 -19,114 3,73E-78 4056 MRPS36 2,658 4,96E-02
ENSG0000019 ENSG0000013

6591 HDAC2 -18,661 1,72E-74 4248 LAMTOR5 2,658 4,95E-02
ENSG0000010 ENSG0000018

2978 POLR2C -16,856 9,75E-61 5668 POUS3F1 2,661 4,92E-02
ENSG0000018 ENSG0000012

4160 ADRA2C -16,486 3,64E-58 8656 CHN1 2,661 4,92E-02
ENSG0000012 ENSG0000011

0805 ARL1 -16,34 3,63E-57 3966 ARL6 2,661 4,92E-02
ENSG0000010 ENSG0000013

1439 CST3 -15,93 2,51E-54 8316 ADAMTS14 2,661 4,92E-02
ENSG0000014 ENSG0000016

3158 MPC2 -15,856 7,50E-54 6435 XRRA1 2,661 4,92E-02
ENSG0000012 ENSG0000012

2359 ANXA11 -15,683 1,10E-52 1749 TBC1D15 2,661 4,92E-02
ENSG0000016 ENSG0000007

8137 SETD5 -15,592 4,25E-52 5399 VPS9D1 2,662 4,92E-02
ENSG0000013 ENSG0000017

6271 DDX56 -15,518 1,22E-51 1223 JUNB 2,663 4,92E-02
ENSG0000006 ENSG0000013

9849 ATP1B3 -15,368 1,20E-50 4215 VAV3 2,663 4,92E-02
ENSG0000010 ENSG0000008

0461 RBM23 -15,22 1,09E-49 7263 OGFOD1 2,669 4,85E-02
ENSG0000011 ENSG0000011

2977 DAP -15,062 1,18E-48 6161 CACYBP 2,67 4,83E-02
ENSG0000017 ENSG0000015

6903 PNMA1 -14,641 5,57E-46 2952 PLOD2 2,675 4,78E-02
ENSG0000014 ENSG0000016

6963 LUC7L2 -14,603 9,26E-46 7107 ACSF2 2,676 4,77E-02
ENSG0000012 ENSG0000005

6261 UBA2 -14,545 2,11E-45 1382 PIK3CB 2,677 4,75E-02
ENSG0000025 ENSG0000010

4986 DPP3 -14,441 9,39E-45 1367 MAPRE1 2,679 4,74E-02
ENSG0000020 ENSG0000017

4310 AGPAT1 -13,74 1,72E-40 0876 TMEM43 2,681 4,72E-02
ENSG0000018 ENSG0000012

9171 S100A13 -13,698 2,97E-40 7533 F2RL3 2,681 4,72E-02
ENSG0000012 ENSG0000016

5534 PPDPF -13,629 7,39E-40 6965 RCCD1 2,685 4,67E-02
ENSG0000020 ENSG0000020

4304 PBX2 -13,46 7,06E-39 8772 SNORD94 2,691 4,60E-02
ENSG0000010 ENSG0000015

5618 PRPF31 -13,446 8,40E-39 6642 NPTN 2,691 4,60E-02
ENSG0000006 ENSG0000007

7560 RHOA -13,355 2,81E-38 5426 FOSL2 2,692 4,60E-02
ENSG0000010 ENSG0000011

4093 DMXL2 -13,234 1,36E-37 5761 NOL10 2,695 4,55E-02
ENSG0000020 ENSG0000012

5155 PSENEN -13,015 2,39E-36 7946 HIP1 2,696 4,54E-02
ENSG0000010 ENSG0000011

4973 MED25 -13,007 2,58E-36 5464 USP34 2,699 4,51E-02
ENSG0000016 ENSG0000013

5609 NUDT5 -12,798 3,71E-35 7770 CTDSPL2 2,699 4,50E-02
ENSG0000014 ENSG0000014

3569 UBAP2L -12,775 4,86E-35 6109 ABT1 2,699 4,50E-02
ENSG0000011 ENSG0000019

7713 ARID1A -12,691 1,37E-34 8569 SLC34A3 2,7 4,50E-02
ENSG0000016 ENSG0000012

2704 ARPC5 -12,406 4,64E-33 0088 CRHR1 2,7 4,50E-02
ENSG0000007 ENSG0000017

0950 RAD18 -12,312 1,48E-32 0703 TTLL6 2,7 4,50E-02
ENSG0000006 ENSG0000013

4651 SLC12A2 -12,207 5,26E-32 9746 RBM26 2,702 4,48E-02
ENSG0000018 ENSG0000011

7079 TEAD1 -12,121 1,46E-31 5525 ST3GAL5 2,704 4,46E-02
ENSG0000007 ENSG0000014

5131 TIPIN -12,058 3,07E-31 4362 PHOSPHO2 2,704 4,46E-02
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ENSG0000025 ENSG0000015
4911 SCARNA9 -12,013 5,25E-31 6564 LRFN2 2,704 4,46E-02
ENSG0000011 ENSG0000007
0651 CD81 -11,773 9,06E-30 0388 FGF22 2,704 4,46E-02
ENSG0000012 ENSG0000012
4562 SNRPC -11,734 1,42E-29 6756 UXT 2,704 4,46E-02
ENSG0000015 ENSG0000013
8710 TAGLN2 -11,683 2,56E-29 4072 CAMK1 2,706 4,46E-02
ENSG0000011 ENSG0000020
2699 GMDS -11,5627 1,46E-28 4070 SYS1 2,706 4,46E-02
ENSG0000014 ENSG0000015
2892 PIGK -11,511 1,73E-28 2082 MZT2B 2,707 4,45E-02
ENSG0000017 ENSG0000010
5115 PACS1 -11,507 1,80E-28 4812 GYS1 2,708 4,44E-02
ENSG0000019 ENSG0000010
6700 ZNF512B -11,418 4,86E-28 8474 PIGL 2,709 4,44E-02
ENSG0000012 ENSG0000012
1390 PSPC1 -11,007 4,62E-26 3104 ITPR2 2,709 4,43E-02
ENSG0000017 ENSG0000024
0889 RPS9 -10,979 6,16E-26 3927 MRPS6 2,71 4,43E-02
ENSG0000019 ENSG0000015
7077 KIAA1671 -10,922 1,15E-25 8796 DEDD 2,71 4,42E-02
ENSG0000016 ENSG0000010
3527 STT3B -10,92 1,17E-25 8179 PPIF 2,711 4,42E-02
ENSG0000014 ENSG0000016
1985 SH3GL1 -10,837 2,85E-25 3629 PTPN13 2,713 4,40E-02
ENSG0000020 ENSG0000010
4946 ZNF783 -10,406 2,79E-23 7105 ELAVL2 2,713 4,40E-02
ENSG0000014 ENSG0000017
9257 SERPINH1 -10,313 7,23E-23 4799 CEP135 2,714 4,39E-02
ENSG0000018 ENSG0000011
3684 ALYREF -10,302 8,00E-23 7411 B4GALT2 2,717 4,36E-02
ENSG0000010 ENSG0000012
3855 CD276 -10,299 8,20E-23 8951 DUT 2,72 4,33E-02
ENSG0000015 ENSG0000016
5363 MOV10 -10,244 1,42E-22 4484 TMEM200A 2,721 4,32E-02
ENSG0000007 ENSG0000007
4370 ATP2A3 -10,216 1,89E-22 5073 TACR2 2,73 4,21E-02
ENSG0000016 ENSG0000007
4307 ERAP1 -10,177 2,81E-22 7097 TOP2B 2,733 4,17E-02
ENSG0000010 ENSG0000010
0124 ANKRD54 -10,147 3,73E-22 5519 CAPS 2,734 4,17E-02
ENSG0000017 ENSG0000009
3064 HECTD4 -10,082 7,10E-22 9341 PSMD8 2,736 4,15E-02
ENSG0000022 ENSG0000013
1978 CCNL2 -9,988 1,83E-21 6021 SCYL2 2,737 4,14E-02
ENSG0000010 ENSG0000016
8961 RANGRF -9,96 2,38E-21 6033 HTRA1 2,738 4,14E-02
ENSG0000016 ENSG0000012
0803 UBQLN4 -9,917 3,58E-21 4493 GRM4 2,74 4,11E-02
ENSG0000015 ENSG0000009
4723 ATP5) -9,791 1,21E-20 0097 PCBP4 2,74 4,11E-02
ENSG0000016 ENSG0000011
0062 ZBTB8A -9,715 2,49E-20 9986 AVPI1 2,743 4,09E-02
ENSG0000010 ENSG0000018
9436 TBC1D9 -9,668 3,90E-20 6350 RXRA 2,744 4,07E-02
ENSG0000021 ENSG0000027
3977 TAX1BP3 -9,583 8,78E-20 0647 TAF15 2,747 4,05E-02
ENSG0000018 ENSG0000010
4924 PTRHD1 -9,559 1,09E-19 6771 TMEM245 2,748 4,03E-02
ENSG0000010 ENSG0000021
5619 TFPT -9,54 1,31E-19 3190 MLLT11 2,749 4,03E-02
ENSG0000013 ENSG0000009
2481 TRIM47 -9,344 8,00E-19 2470 WDR76 2,752 4,00E-02
ENSG0000003 ENSG0000016
1081 ARHGAP31 -9,253 1,83E-18 5997 ARL5B 2,752 4,00E-02
ENSG0000014 ENSG0000011
3178 TBX19 -9,24 2,04E-18 7523 PRRC2C 2,756 3,96E-02
ENSG0000012 | MTRF1 -9,24 2,04E-18 ENSG0000013 | KIF20B 2,757 3,96E-02
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0662 8182

ENSG0000013 ENSG0000013

6478 TEX2 -9,229 2,24E-18 6960 ENPP2 2,757 3,95E-02
ENSG0000019 ENSG0000010

8961 PJA2 -9,146 4,67E-18 3653 CSK 2,758 3,95E-02
ENSG0000011 ENSG0000016

9431 HDHD3 -9,092 7,36E-18 7985 SDHAF2 2,763 3,89E-02
ENSG0000028 | LOC100289 ENSG0000010

6760 495 -9,089 7,48E-18 3260 METRN 2,765 3,87E-02
ENSG0000013 ENSG0000015

5722 FBXL8 -9,035 1,19E-17 7978 LDLRAP1 2,766 3,86E-02
ENSG0000013 ENSG0000020

8468 SENP7 -9,026 1,28E-17 4347 BTBD17 2,768 3,84E-02
ENSG0000007 ENSG0000010

8081 LAMP3 -9,018 1,37E-17 2575 ACP5 2,768 3,84E-02
ENSG0000010 ENSG0000009

5705 SUGP1 -9,012 1,45E-17 1640 SPAG7 2,772 3,81E-02
ENSG0000009 ENSG0000018

9282 TSPAN15 -9,006 1,52E-17 3814 LIN9 2,772 3,81E-02
ENSG0000011 ENSG0000004

5295 CLIP4 -9,002 1,56E-17 9283 EPN3 2,773 3,81E-02
ENSG0000019 ENSG0000019

6684 HSH2D -8,953 2,31E-17 6419 XRCC6 2,774 3,80E-02
ENSG0000018 ENSG0000015

1192 DHTKD1 -8,94 2,57E-17 1503 NCAPD3 2,776 3,78E-02
ENSG0000000 ENSG0000013

4139 SARM1 -8,921 3,01E-17 7563 GGH 2,78 3,74E-02
ENSG0000017 ENSG0000022

8445 GLDC -8,916 3,16E-17 7036 LINC00673 2,781 3,74E-02
ENSG0000012 ENSG0000018

1101 TEX14 -8,858 5,24E-17 4203 PPP1R2 2,786 3,68E-02
ENSG0000010 ENSG0000012

4427 ZC2HC1A -8,858 5,24E-17 0526 NUDCD1 2,787 3,68E-02
ENSG0000018 ENSG0000013

6007 LEMD1 -8,835 6,25E-17 1477 RAMP2 2,79 3,65E-02
ENSG0000017 ENSG0000003

7728 KIAA0195 -8,783 9,62E-17 5499 DEPDC1B 2,79 3,65E-02
ENSG0000016 ENSG0000019

3666 HESX1 -8,779 9,95E-17 8074 AKR1B10 2,79 3,65E-02
ENSG0000011 ENSG0000013

9922 IFIT2 -8,739 1,40E-16 5407 AVIL 2,791 3,65E-02
ENSG0000013 ENSG0000013

0768 SMPDL3B -8,68 2,25E-16 1389 SLC6A6 2,793 3,63E-02
ENSG0000017 ENSG0000017

3083 HPSE -8,652 2,83E-16 1311 EXOSC1 2,794 3,62E-02
ENSG0000027 ENSG0000010

5395 FCGBP -8,643 3,03E-16 5982 RNF32 2,795 3,61E-02
ENSG0000014 ENSG0000005

2544 CTu1 -8,636 3,19E-16 1180 RAD51 2,795 3,61E-02
ENSG0000023 | CDKN2AIP ENSG0000013

7190 NL -8,633 3,25E-16 1791 PRKAB2 2,8 3,57E-02
ENSG0000018 ENSG0000014

5519 FAM131C -8,608 3,99E-16 3067 ZNF697 2,806 3,50E-02
ENSG0000006 ENSG0000010

6468 FGFR2 -8,608 3,99E-16 4312 RIPK2 2,807 3,50E-02
ENSG0000012 ENSG0000015

2417 ODF2L -8,593 4,49E-16 9055 MIS18A 2,813 3,44E-02
ENSG0000013 ENSG0000015

5314 KHDC1 -8,591 4,53E-16 4473 BUB3 2,814 3,43E-02
ENSG0000018 ENSG0000015

5842 DNAH14 -8,571 5,34E-16 3071 DAB2 2,814 3,43E-02
ENSG0000013 ENSG0000006

4013 LOXL2 -8,539 6,99E-16 8305 MEF2A 2,817 3,40E-02
ENSG0000026 ENSG0000011

8061 NAPA-AS1 -8,5638 6,99E-16 3758 DBN1 2,818 3,40E-02
ENSG0000015 ENSG0000013

7510 AFAP1L1 -8,537 7,04E-16 4824 FADS2 2,819 3,39E-02
ENSG0000015 ENSG0000013

6587 UBE2L6 -8,529 7,56E-16 2466 ANKRD17 2,819 3,39E-02
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ENSG0000015 ENSG0000012
7111 TMEM171 -8,526 7,70E-16 0055 C100rf95 2,821 3,38E-02
ENSG0000011 ENSG0000013
1845 PAK1IP1 -8,512 8,60E-16 6527 TRA2B 2,821 3,38E-02
ENSG0000013 ENSG0000013
8604 GLCE -8,501 9,48E-16 3243 BTBD2 2,824 3,34E-02
ENSG0000016 ENSG0000018
8040 FADD -8,472 1,20E-15 8483 IERSL 2,825 3,34E-02
ENSG0000011 ENSG0000013
6761 CTH -8,463 1,28E-15 3115 STOML3 2,825 3,34E-02
ENSG0000010 ENSG0000016
3811 CTSH -8,459 1,32E-15 3468 CCT3 2,828 3,31E-02
ENSG0000027 ENSG0000007
6550 HERC2P2 -8,453 1,39E-15 0444 MNT 2,83 3,30E-02
ENSG0000012 ENSG0000010
7720 METTL25 -8,441 1,53E-15 5559 PLEKHA4 2,833 3,27E-02
ENSG0000000 ENSG0000011
8441 NFIX -8,424 1,74E-15 9689 DLST 2,837 3,24E-02
ENSG0000013 ENSG0000011
2837 DMGDH -8,424 1,74E-15 9397 CNTRL 2,839 3,21E-02
ENSG0000011 ENSG0000012
7586 TNFSF4 -8,414 1,89E-15 6878 AIF1L 2,844 3,17E-02
ENSG0000015 ENSG0000015
7514 TSC22D3 -8,409 1,96E-15 9720 ATP6V0OD1 2,845 3,16E-02
ENSG0000016 ENSG0000018
3975 MFI2 -8,407 1,99E-15 4545 DUSP8 2,848 3,14E-02
ENSG0000002 ENSG0000017
7075 PRKCH -8,4 2,10E-15 7731 FLII 2,852 3,11E-02
ENSG0000014 ENSG0000013
7509 RGS20 -8,398 2,13E-15 5269 TES 2,853 3,11E-02
ENSG0000013 ENSG0000013
4470 IL15RA -8,396 2,15E-15 7807 KIF23 2,853 3,10E-02
ENSG0000017 ENSG0000010
1346 KRT15 -8,384 2,38E-15 0077 ADRBK2 2,858 3,05E-02
ENSG0000008 ENSG0000015
2014 SMARCD3 -8,382 2,41E-15 8793 NIT1 2,869 2,96E-02
ENSG0000016 ENSG0000013
4687 FABPS -8,371 2,61E-15 3835 HSD17B4 2,869 2,96E-02
ENSG0000013 ENSG0000000
9211 AMIGO2 -8,36 2,83E-15 4777 ARHGAP33 2,875 2,91E-02
ENSG0000017 ENSG0000013
1608 PIK3CD -8,36 2,84E-15 4222 PSRC1 2,875 2,91E-02
ENSG0000016 ENSG0000012
8291 PDHB -8,349 3,08E-15 2008 POLK 2,882 2,85E-02
ENSG0000015 ENSG0000010
0477 KIAA1328 -8,334 3,47E-15 6683 LIMK1 2,886 2,82E-02
ENSG0000016 ENSG0000013
9239 CA5B -8,323 3,79E-15 6848 DAB2IP 2,888 2,80E-02
ENSG0000017 ENSG0000016
3210 ABLIM3 -8,307 4,29E-15 9727 GPS1 2,888 2,80E-02
ENSG0000012 ENSG0000006
0725 SIL1 -8,306 4,30E-15 5883 CDK13 2,889 2,79E-02
ENSG0000015 ENSG0000019
6463 SH3RF2 -8,26 6,22E-15 8855 FICD 2,9 2,70E-02
ENSG0000018 ENSG0000024
8051 TMEM221 -8,248 6,82E-15 1697 TMEFF1 2,904 2,67E-02
ENSG0000013 ENSG0000018
7936 BCAR3 -8,223 8,38E-15 6222 BLOC1S4 2,911 2,62E-02
ENSG0000016 ENSG0000016
4758 MED30 -8,212 9,09E-15 1654 LSM12 2,918 2,57E-02
ENSG0000013 ENSG0000009
1508 UBE2D2 -8,212 9,09E-15 5002 MSH2 2,919 2,57E-02
ENSG0000019 ENSG0000010
8910 L1CAM -8,211 9,14E-15 8947 EFNB3 2,923 2,53E-02
ENSG0000012 ENSG0000013
7743 IL17B -8,206 9,56E-15 3226 SRRM1 2,923 2,53E-02
ENSG0000019 ENSG0000019
8648 STK39 -8,205 9,56E-15 6453 INF777 2,924 2,53E-02
ENSG0000012 | TPH1 -8,201 9,88E-15 ENSG0000010 | TMEM59L 2,93 2,48E-02
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9167 5696

ENSG0000015 ENSG0000010

5846 PPARGC1B -8,183 1,14E-14 6261 ZKSCAN1 2,934 2,46E-02
ENSG0000013 ENSG0000016

9323 POC1B -8,173 1,23E-14 9180 XPO6 2,936 2,44E-02
ENSG0000013 ENSG0000001

4463 ECHDC3 -8,166 1,30E-14 3810 TACC3 2,936 2,44E-02
ENSG0000014 ENSG0000012

0961 OSGIN1 -8,152 1,45E-14 3737 EXOSC9 2,938 2,43E-02
ENSG0000014 ENSG0000017

5819 ARHGAP26 -8,138 1,62E-14 9933 C140rf119 2,946 2,37E-02
ENSG0000012 ENSG0000006

4216 SNAI1 -8,132 1,69E-14 7057 PFKP 2,948 2,36E-02
ENSG0000011 ENSG0000011

2394 SLC16A10 -8,114 1,96E-14 9514 GALNT12 2,949 2,35E-02
ENSG0000018 ENSG0000007

4588 PDE4B -8,091 2,36E-14 7152 UBE2T 2,95 2,35E-02
ENSG0000012 ENSG0000018

3179 EBPL -8,079 2,59E-14 4985 SORCS2 2,952 2,34E-02
ENSG0000011 ENSG0000015

3108 APBB3 -8,072 2,73E-14 2253 SPC25 2,955 2,31E-02
ENSG0000000 ENSG0000016

3137 CYP26B1 -8,055 3,11E-14 0789 LMNA 2,959 2,29E-02
ENSG0000007 ENSG0000003

6003 MCM6 -8,04 3,50E-14 8358 EDC4 2,961 2,29E-02
ENSG0000019 ENSG0000017

6517 SLC6A9 -8,011 4,38E-14 1094 ALK 2,967 2,24E-02
ENSG0000016 ENSG0000012

4683 HEY1 -8 4,78E-14 8536 CDHR3 2,967 2,24E-02
ENSG0000024 ENSG0000026

8905 FMN1 -7,979 5,57E-14 0565 ERVK13-1 2,967 2,24E-02
ENSG0000026 ENSG0000012

6094 RASSF5 -7,961 6,45E-14 8283 CDC42EP1 2,968 2,24E-02
ENSG0000024 ENSG0000010

1852 C8orf58 -7,94 7,61E-14 0485 S0S2 2,97 2,23E-02
ENSG0000026 ENSG0000018

3155 MYZAP -7,89 1,12E-13 3856 IQGAP3 2,973 2,21E-02
ENSG0000017 ENSG0000010

5832 ETV4 -7,85 1,53E-13 0749 VRK1 2,977 2,18E-02
ENSG0000012 ENSG0000021

8346 C220rf23 -7,828 1,82E-13 3799 ZNF845 2,986 2,12E-02
ENSG0000013 ENSG0000012

3818 RRAS2 -7,811 2,06E-13 3374 CDK2 2,991 2,09E-02
ENSG0000010 ENSG0000016

5402 NAPA -7,776 2,71E-13 4904 ALDH7A1 2,991 2,09E-02
ENSG0000018 ENSG0000016

2185 RAD51B -7,73 3,85E-13 5704 HPRT1 2,993 2,09E-02
ENSG0000008 ENSG0000017

8367 EPB41L1 -7,685 5,46E-13 1443 ZNF524 3,009 1,98E-02
ENSG0000003 ENSG0000025

8274 MAT2B -7,684 5,47E-13 4618 TMED10P1 3,013 1,96E-02
ENSG0000007 ENSG0000015

7713 SLC25A43 -7,678 5,73E-13 1287 TEX30 3,019 1,93E-02
ENSG0000015 ENSG0000015

6510 HKDC1 -7,674 5,89E-13 8457 TSPAN33 3,026 1,89E-02
ENSG0000002 ENSG0000015

0633 RUNX3 -7,65 7,09E-13 5755 TMEM237 3,033 1,85E-02
ENSG0000006 ENSG0000013

7066 SP100 -7,613 9,38E-13 8175 ARL3 3,038 1,82E-02
ENSG0000016 ENSG0000016

7785 ZNF558 -7,606 9,94E-13 1011 SQSTM1 3,04 1,81E-02
ENSG0000015 ENSG0000026

3029 MR1 -7,605 9,95E-13 5972 TXNIP 3,04 1,81E-02
ENSG0000011 ENSG0000013

4346 ECT2 -7,601 1,03E-12 2256 TRIM5 3,042 1,80E-02
ENSG0000010 ENSG0000010

3404 USP31 -7,6 1,03E-12 0242 SUN2 3,046 1,77E-02
ENSG0000016 ENSG0000015

5475 CRYL1 -7,598 1,04E-12 5906 RMND1 3,047 1,77E-02
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ENSG0000013 ENSG0000013
1914 LIN28A -7,578 1,22E-12 7806 NDUFAF1 3,051 1,75E-02
ENSG0000017 ENSG0000014
4132 FAM174A -7,572 1,26E-12 0396 NCOA2 3,051 1,75E-02
ENSG0000016 ENSG0000011
7074 TEF -7,524 1,82E-12 9929 CUTC 3,057 1,72E-02
ENSG0000014 ENSG0000019
2279 WTIP -7,497 2,22E-12 8205 ZXDA 3,059 1,71E-02
ENSG0000018 ENSG0000018
3971 NPW -7,463 2,85E-12 7123 LYPD6 3,06 1,71E-02
ENSG0000017 ENSG0000012
3890 GPR160 -7,456 3,00E-12 4181 PLCG1 3,065 1,68E-02
ENSG0000016 ENSG0000016
3900 TMEM41A -7,447 3,21E-12 9710 FASN 3,073 1,64E-02
ENSG0000023 ENSG0000017
2956 SNHG15 -7,441 3,34E-12 1530 TBCA 3,073 1,64E-02
ENSG0000018 ENSG0000017
8629 ZNF177 -7,361 6,02E-12 0185 USP38 3,074 1,64E-02
ENSG0000013 ENSG0000012
7312 FLOT1 -7,24 1,45E-11 8591 FLNC 3,075 1,64E-02
ENSG0000016 ENSG0000012
2613 FUBP1 -7,225 1,60E-11 2367 LDB3 3,076 1,63E-02
ENSG0000019 ENSG0000016
7483 ZNF628 -7,191 2,05E-11 5449 SLC16A9 3,078 1,62E-02
ENSG0000001 ENSG0000019
0803 SCMH1 -7,169 2,40E-11 7841 ZNF181 3,079 1,62E-02
ENSG0000015 ENSG0000014
7343 ARMC12 -7,143 2,88E-11 5687 SSBP2 3,08 1,61E-02
ENSG0000010 ENSG0000010
2781 KATNAL1 -7,13 3,16E-11 6009 BRAT1 3,087 1,58E-02
ENSG0000013 ENSG0000019
5069 PSAT1 -7,119 3,39E-11 8142 SOWAHC 3,087 1,58E-02
ENSG0000012 ENSG0000019
3975 CKS2 -7,108 3,65E-11 6151 WDSUB1 3,099 1,52E-02
ENSG0000017 ENSG0000012
2766 NAA16 -7,053 5,39E-11 6603 GLIS2 3,102 1,51E-02
ENSG0000001 ENSG0000010
1566 MAP4K3 -7,051 5,46E-11 3723 AP3B2 3,105 1,50E-02
ENSG0000011 ENSG0000019
0344 UBE4A -7,049 5,52E-11 7106 SLC6A17 3,108 1,49E-02
ENSG0000008 ENSG0000007
5840 ORC1 -6,997 7,95E-11 0214 SLC44A1 3,113 1,47E-02
ENSG0000011 ENSG0000020
0060 PUS3 -6,963 1,01E-10 6869 SNORA70F 3,114 1,46E-02
ENSG0000020 ENSG0000017
4371 EHMT2 -6,882 1,78E-10 5029 CTBP2 3,116 1,45E-02
ENSG0000017 ENSG0000016
2794 RAB37 -6,868 1,95E-10 3636 PSMD6 3,12 1,43E-02
ENSG0000017 ENSG0000016
7628 GBA -6,855 2,12E-10 4111 ANXA5 3,122 1,43E-02
ENSG0000017 ENSG0000011
0540 ARL6IP1 -6,853 2,16E-10 6560 SFPQ 3,131 1,38E-02
ENSG0000013 ENSG0000018
5373 EHF -6,831 2,51E-10 0998 GPR137C 3,143 1,33E-02
ENSG0000011 ENSG0000010
7480 FAAH -6,801 3,07E-10 5486 LIG1 3,15 1,30E-02
ENSG0000010 ENSG0000015
9911 ELP4 -6,77 3,81E-10 9352 PSMD4 3,151 1,30E-02
ENSG0000010 ENSG0000019
6066 CPVL -6,741 4,60E-10 6220 SRGAP3 3,154 1,29E-02
ENSG0000017 ENSG0000012
4808 BTC -6,727 5,05E-10 9472 RAB2B 3,16 1,27E-02
ENSG0000011 ENSG0000008
8579 MED28 -6,703 5,92E-10 0815 PSEN1 3,161 1,26E-02
ENSG0000010 ENSG0000011
7404 DVL1 -6,664 7,63E-10 5825 PRKD3 3,168 1,24E-02
ENSG0000016 ENSG0000016
8172 HOOK3 -6,601 1,16E-09 4077 MON1A 3,174 1,21E-02
ENSG0000013 | LAMC1 -6,561 1,50E-09 ENSG0000010 | ZBED4 3,177 1,20E-02
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5862 0426

ENSG0000018 ENSG0000016

0773 SLC36A4 -6,536 1,77E-09 7565 SERTAD3 3,18 1,19E-02
ENSG0000013 ENSG0000010

3606 MKRN1 -6,5 2,23E-09 7833 NPM3 3,182 1,18E-02
ENSG0000012 ENSG0000014

4299 PEPD -6,498 2,26E-09 0931 CMTM3 3,186 1,17E-02
ENSG0000014 ENSG0000021

9573 MPZL2 -6,478 2,57E-09 4736 TOMM6 3,201 1,12E-02
ENSG0000010 ENSG0000016

1695 RNF125 -6,477 2,58E-09 8779 SHOX2 3,206 1,10E-02
ENSG0000011 ENSG0000016

5266 APC2 -6,464 2,80E-09 4796 CSMD3 3,209 1,09E-02
ENSG0000018 ENSG0000012

2836 PLCXD3 -6,426 3,59E-09 6262 FFAR2 3,214 1,07E-02
ENSG0000017 ENSG0000005

7238 TRIM72 -6,425 3,60E-09 3524 MCF2L2 3,221 1,05E-02
ENSG0000008 ENSG0000013

2397 EPB41L3 -6,424 3,61E-09 5441 BLOC1S1 3,223 1,04E-02
ENSG0000010 ENSG0000010

6588 PSMA2 -6,372 5,03E-09 0532 CGRRF1 3,225 1,04E-02
ENSG0000016 ENSG0000016

5775 FUNDC2 -6,335 6,34E-09 9093 ASMTL 3,226 1,03E-02
ENSG0000013 ENSG0000009

0413 STK33 -6,321 6,92E-09 0661 CERS4 3,229 1,03E-02
ENSG0000017 ENSG0000009

6014 TUBB6 -6,303 7,76E-09 1483 FH 3,229 1,03E-02
ENSG0000015 ENSG0000016

9314 ARHGAP27 -6,282 8,85E-09 0785 SLC25A44 3,229 1,03E-02
ENSG0000016 ENSG0000014

2924 REL -6,272 9,42E-09 4596 GRIP2 3,23 1,02E-02
ENSG0000017 ENSG0000013

7426 TGIF1 -6,184 1,61E-08 9292 LGR5 3,23 1,02E-02
ENSG0000009 ENSG0000019

9901 RANBP1 -6,149 1,99E-08 6850 PPTC7 3,233 1,01E-02
ENSG0000010 ENSG0000011

3995 CEP152 -6,146 2,03E-08 2242 E2F3 3,236 1,00E-02
ENSG0000000 ENSG0000010

4700 RECQL -6,145 2,04E-08 5835 NAMPT 3,241 9,90E-03
ENSG0000010 ENSG0000005

1605 MYOM1 -6,129 2,24E-08 2795 FNIP2 3,249 9,66E-03
ENSG0000024 ENSG0000005

5680 ZNF585B -6,128 2,24E-08 8056 USP13 3,249 9,65E-03
ENSG0000018 ENSG0000016

0044 C3orf80 -6,108 2,53E-08 2078 7G16B 3,253 9,52E-03
ENSG0000019 ENSG0000014

7386 HTT -6,079 2,98E-08 3951 WDPCP 3,257 9,38E-03
ENSG0000011 ENSG0000012

4019 AMOTL2 -6,075 3,05E-08 2966 CIT 3,26 9,30E-03
ENSG0000014 ENSG0000020

3028 SYPL2 -6,055 3,45E-08 4619 PPP1R11 3,262 9,26E-03
ENSG0000010 ENSG0000017

3429 BFAR -6,035 3,88E-08 3706 HEG1 3,263 9,23E-03
ENSG0000001 ENSG0000016

5475 BID -5,992 4,97E-08 4182 NDUFAF2 3,268 9,08E-03
ENSG0000018 ENSG0000018

9143 CLDN4 -5,981 5,28E-08 8681 TEKT4P2 3,268 9,07E-03
ENSG0000017 ENSG0000011

5787 ZNF169 -5,969 5,66E-08 4698 PLSCR4 3,269 9,06E-03
ENSG0000015 ENSG0000003

6535 CD109 -5,961 5,95E-08 7241 RPL26L1 3,273 8,95E-03
ENSG0000010 ENSG0000012

0379 KCTD17 -5,955 6,11E-08 8654 MTX2 3,275 8,92E-03
ENSG0000018 ENSG0000007

3098 GPC6 -5,937 6,79E-08 0010 UFD1L 3,276 8,87E-03
ENSG0000011 ENSG0000016

9508 NR4A3 -5,929 7,07E-08 1956 SENP3 3,288 8,54E-03
ENSG0000009 ENSG0000016

6872 IFT74 -5,922 7,37E-08 0305 DIP2A 3,29 8,49E-03
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ENSG0000020 ENSG0000005
6755 SNORA30 -5,915 7,69E-08 7608 GDI2 3,296 8,30E-03
ENSG0000016 ENSG0000001
7995 BEST1 -5,893 8,74E-08 1347 SYT7 3,301 8,17E-03
ENSG0000016 ENSG0000017
4924 YWHAZ -5,874 9,73E-08 3275 ZNF449 3,309 7,97E-03
ENSG0000001 ENSG0000011
0438 PRSS3 -5,861 1,05E-07 3328 CCNG1 3,313 7,87E-03
ENSG0000012 ENSG0000004
4613 ZNF391 -5,847 1,13E-07 0608 RTN4R 3,317 7,76E-03
ENSG0000000 ENSG0000012
8311 AASS -5,827 1,27E-07 8218 VPREB3 3,32 7,67E-03
ENSG0000013 ENSG0000013
8180 CEP55 -5,817 1,34E-07 7076 TLN1 3,322 7,64E-03
ENSG0000010 ENSG0000011
0191 SLC5A4 -5,813 1,36E-07 5827 DCAF17 3,324 7,58E-03
ENSG0000007 ENSG0000013
4590 NUAK1 -5,782 1,64E-07 2600 PRMT7 3,324 7,57E-03
ENSG0000000 ENSG0000011
1084 GCLC -5,776 1,68E-07 3658 SMADS 3,327 7,51E-03
ENSG0000014 ENSG0000013
4550 CPNES -5,736 2,12E-07 2950 ZMYM5 3,327 7,51E-03
ENSG0000012 ENSG0000014
2877 EGR2 -5,735 2,13E-07 2794 NBPF3 3,329 7,47E-03
ENSG0000017 ENSG0000022
1617 ENC1 -5,733 2,16E-07 5830 ERCC6 3,33 7,43E-03
ENSG0000007 ENSG0000011
2832 CRMP1 -5,73 2,20E-07 5289 PCGF1 3,338 7,25E-03
ENSG0000027 ENSG0000011
1303 SRXN1 -5,706 2,51E-07 1275 ALDH2 3,352 6,93E-03
ENSG0000016 ENSG0000014
5948 IFI27L1 -5,688 2,78E-07 0259 MFAP1 3,352 6,93E-03
ENSG0000000 ENSG0000011
5073 HOXA11 -5,646 3,52E-07 1696 NT5DC3 3,353 6,90E-03
ENSG0000017 ENSG0000016
1867 PRNP -5,645 3,53E-07 2341 TPCN2 3,356 6,84E-03
ENSG0000019 ENSG0000016
6653 ZNF502 -5,642 3,58E-07 3393 SLC22A15 3,36 6,76E-03
ENSG0000019 ENSG0000014
7385 ZNF860 -5,629 3,85E-07 4354 CDCA7 3,368 6,57E-03
ENSG0000013 ENSG0000009
6868 SLC31A1 -5,614 4,20E-07 9954 CECR2 3,371 6,52E-03
ENSG0000015 ENSG0000008
9063 ALG8 -5,612 4,24E-07 7245 MMP2 3,372 6,50E-03
ENSG0000013 ENSG0000010
5108 FBX021 -5,605 4,39E-07 0092 SH3BP1 3,374 6,46E-03
ENSG0000012 ENSG0000016
4217 MOCS3 -5,575 5,18E-07 4949 GEM 3,376 6,42E-03
ENSG0000011 ENSG0000008
0315 RNF141 -5,562 5,57E-07 2068 WDR70 3,393 6,05E-03
ENSG0000008 ENSG0000011
1665 ZNF506 -5,556 5,74E-07 9669 IRF2BPL 3,393 6,05E-03
ENSG0000017 ENSG0000019
6024 ZNF613 -5,556 5,74E-07 6683 TOMM7 3,394 6,04E-03
ENSG0000017 ENSG0000018
3540 GMPPB -5,556 5,74E-07 8158 NHS 3,409 5,72E-03
ENSG0000016 ENSG0000010
9992 NLGN2 -5,54 6,25E-07 4231 ZFAND1 3,412 5,68E-03
ENSG0000018 ENSG0000020
7535 IFT140 -5,54 6,27E-07 4052 LRRC73 3,418 5,56E-03
ENSG0000010 ENSG0000015
5550 FGF21 -5,512 7,29E-07 4957 ZNF18 3,427 5,41E-03
ENSG0000023 ENSG0000009
9149 SNORA59A -5,511 7,33E-07 0339 ICAM1 3,429 5,37E-03
ENSG0000008 ENSG0000014
7995 METTL2A -5,496 7,96E-07 3252 SDHC 3,429 5,36E-03
ENSG0000018 ENSG0000013
3647 ZNF530 -5,474 8,93E-07 3398 MED10 3,433 5,30E-03
ENSG0000016 | SPC24 -5,473 8,97E-07 ENSG0000000 | SEC62 3,433 5,29E-03
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1888 8952

ENSG0000013 ENSG0000019

4668 SPOCD1 -5,47 9,08E-07 6743 GM2A 3,442 5,14E-03
ENSG0000014 ENSG0000012

2156 COL6A1 -5,465 9,33E-07 5820 NKX2-2 3,444 5,12E-03
ENSG0000018 ENSG0000015

2810 DDX28 -5,447 1,02E-06 6381 ANKRD9 3,447 5,07E-03
ENSG0000015 ENSG0000022

9885 ZNF222 -5,438 1,07E-06 1829 FANCG 3,448 5,06E-03
ENSG0000026 ENSG0000013

3465 SRSF8 -5,409 1,25E-06 5164 DMTF1 3,45 5,02E-03
ENSG0000011 ENSG0000015

4166 KAT2B -5,401 1,30E-06 6467 UQCRB 3,452 4,99E-03
ENSG0000015 ENSG0000020

7423 HYDIN -5,386 1,41E-06 4335 SP5 3,456 4,91E-03
ENSG0000009 ENSG0000001

9840 1ZUM04 -5,386 1,41E-06 2963 UBR7 3,459 4,87E-03
ENSG0000016 ENSG0000016

5322 ARHGAP12 -5,377 1,48E-06 2852 CNST 3,47 4,69E-03
ENSG0000007 ENSG0000019

3849 ST6GAL1 -5,371 1,52E-06 6169 KIF19 3,472 4,65E-03
ENSG0000016 ENSG0000017

4296 TIGD6 -5,368 1,54E-06 1914 TLN2 3,474 4,63E-03
ENSG0000022 ENSG0000015

5336 HMGB3P1 -5,363 1,57E-06 6482 RPL30 3,48 4,55E-03
ENSG0000013 ENSG0000010

6867 SLC31A2 -5,355 1,63E-06 3184 SEC14L5 3,48 4,55E-03
ENSG0000015 ENSG0000023

9307 SCUBE1 -5,347 1,66E-06 9183 SNORA84 3,482 4,51E-03
ENSG0000017 ENSG0000010

1365 CLCN5 -5,323 1,85E-06 7104 KANK1 3,483 4,50E-03
ENSG0000013 ENSG0000016

5077 HAVCR2 -5,306 2,00E-06 8036 CTNNB1 3,484 4,49E-03
ENSG0000012 ENSG0000018

0594 PLXDC2 -5,306 2,00E-06 3258 DDX41 3,49 4,38E-03
ENSG0000013 ENSG0000018

5482 ZC3H10 -5,287 2,21E-06 7243 MAGED4B 3,503 4,20E-03
ENSG0000012 ENSG0000007

4006 OBSL1 -5,264 2,42E-06 6604 TRAF4 3,508 4,13E-03
ENSG0000012 ENSG0000000

1895 TMEM156 -5,261 2,42E-06 5020 SKAP2 3,508 4,12E-03
ENSG0000008 ENSG0000014

4110 HAL -5,252 2,50E-06 0575 IQGAP1 3,509 4,12E-03
ENSG0000015 ENSG0000016

2705 CATSPER3 -5,24 2,65E-06 2551 ALPL 3,51 4,10E-03
ENSG0000018 ENSG0000006

6364 NUDT17 -5,234 2,73E-06 4989 CALCRL 3,512 4,07E-03
ENSG0000014 ENSG0000014

7465 STAR -5,234 2,73E-06 3228 NUF2 3,514 4,05E-03
ENSG0000010 ENSG0000011

4371 DKK4 -5,234 2,73E-06 1450 STX2 3,528 3,85E-03
ENSG0000016 ENSG0000012

9918 OTUD7A -5,234 2,73E-06 7603 MACF1 3,531 3,80E-03
ENSG0000023 ENSG0000018

9306 RBM14 -5,207 2,97E-06 7514 PTMA 3,546 3,61E-03
ENSG0000022 ENSG0000010

8315 GUSBP11 -5,204 3,01E-06 1337 TM9SF4 3,552 3,53E-03
ENSG0000009 ENSG0000010

9875 MKNK2 -5,199 3,08E-06 1844 ATG4A 3,555 3,50E-03
ENSG0000011 ENSG0000013

1203 ITFG2 -5,199 3,09E-06 1747 TOP2A 3,561 3,43E-03
ENSG0000014 ENSG0000017

9308 NPAT -5,197 3,11E-06 0619 COMMDS5 3,577 3,24E-03
ENSG0000012 ENSG0000026

4743 KLHL31 -5,19 3,22E-06 3001 GTF2I 3,59 3,08E-03
ENSG0000011 ENSG0000015

5165 CYTIP -5,178 3,40E-06 5561 NUP205 3,593 3,04E-03
ENSG0000024 ENSG0000015

3955 GSTA1 -5,178 3,40E-06 0995 ITPR1 3,598 3,00E-03
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ENSG0000022 ENSG0000017
3705 NSUN5P1 -5,178 3,40E-06 7688 SUMO4 3,599 2,98E-03
ENSG0000013 ENSG0000013
3962 CATSPERB -5,178 3,40E-06 5972 MRPS9 3,606 2,91E-03
ENSG0000017 ENSG0000010
4992 2G16 -5,178 3,40E-06 9072 VTN 3,607 2,90E-03
ENSG0000010 ENSG0000018
2174 PHEX -5,178 3,40E-06 4489 PTP4A3 3,609 2,89E-03
ENSG0000016 ENSG0000018
8679 SLC16A4 -5,177 3,40E-06 8021 UBQLN2 3,629 2,68E-03
ENSG0000015 ENSG0000013
7150 TIMP4 -5,177 3,40E-06 4262 AP4B1 3,633 2,65E-03
ENSG0000018 ENSG0000017
8573 FBLL1 -5,177 3,40E-06 0545 SMAGP 3,652 2,47E-03
ENSG0000010 ENSG0000014
6686 SPATA6L -5,177 3,40E-06 5817 YIPF5 3,653 2,46E-03
ENSG0000024 ENSG0000016
2220 TCP10L -5,177 3,40E-06 4985 PSIP1 3,654 2,46E-03
ENSG0000017 ENSG0000017
9304 FAM156A -5,177 3,40E-06 0604 IRF2BP1 3,657 2,43E-03
ENSG0000014 ENSG0000017
7168 IL2RG -5,177 3,40E-06 2354 GNB2 3,658 2,43E-03
ENSG0000017 ENSG0000011
5606 TMEM70 -5,15 3,89E-06 8418 HMGN3 3,659 2,41E-03
ENSG0000021 ENSG0000014
5375 MYL5 -5,14 4,03E-06 3442 POGZ 3,659 2,41E-03
ENSG0000010 ENSG0000011
0601 ALKBH1 -5,136 4,03E-06 7266 CDK18 3,673 2,29E-03
ENSG0000025 ENSG0000019
4685 FPGT -5,132 4,03E-06 8830 HMGN2 3,676 2,27E-03
ENSG0000021 ENSG0000003
3075 RPL31P11 -5,132 4,03E-06 9319 ZFYVE16 3,678 2,25E-03
ENSG0000019 ENSG0000011
7959 DNM3 -5,132 4,03E-06 2282 MED23 3,683 2,21E-03
ENSG0000017 ENSG0000012
6732 PFN4 -5,132 4,03E-06 2861 PLAU 3,69 2,15E-03
ENSG0000013 ENSG0000018
8080 EMILIN1 -5,132 4,03E-06 7109 NAP1L1 3,702 2,06E-03
ENSG0000014 ENSG0000018
3994 ABHD1 -5,132 4,03E-06 3891 TTC32 3,713 1,97E-03
ENSG0000013 ENSG0000011
8079 SLC3A1 -5,132 4,03E-06 1412 C120rf49 3,73 1,85E-03
ENSG0000011 ENSG0000017
8997 DNAH7 -5,132 4,03E-06 1824 EXOSC10 3,741 1,77E-03
ENSG0000023 ENSG0000001
0530 LIMD1-AS1 -5,132 4,03E-06 4216 CAPN1 3,745 1,75E-03
ENSG0000011 ENSG0000012
4841 DNAH1 -5,132 4,03E-06 0438 TCP1 3,747 1,74E-03
ENSG0000015 ENSG0000002
3283 CD96 -5,132 4,03E-06 1355 SERPINB1 3,752 1,71E-03
ENSG0000014 ENSG0000013
4857 BOC -5,132 4,03E-06 2780 NASP 3,752 1,71E-03
ENSG0000014 ENSG0000014
5217 SLC26A1 -5,132 4,03E-06 0365 COMMD4 3,761 1,65E-03
ENSG0000016 ENSG0000005
8421 RHOH -5,132 4,03E-06 6972 TRAF3IP2 3,764 1,63E-03
ENSG0000011 ENSG0000014
2182 BACH2 -5,132 4,03E-06 8408 CACNA1B 3,77 1,59E-03
ENSG0000021 ENSG0000019
4338 SOGA3 -5,132 4,03E-06 6150 ZNF250 3,783 1,52E-03
ENSG0000021 ENSG0000010
4309 MBLAC1 -5,132 4,03E-06 4738 MCM4 3,795 1,44E-03
ENSG0000020 ENSG0000010
5307 SAP25 -5,132 4,03E-06 9320 NFKB1 3,796 1,44E-03
ENSG0000018 ENSG0000011
5267 CDNF -5,132 4,03E-06 3141 IK 3,797 1,44E-03
ENSG0000015 ENSG0000021
6113 KCNMA1 -5,132 4,03E-06 3465 ARL2 3,802 1,41E-03
ENSG0000013 | PRR5L -5,132 4,03E-06 ENSG0000010 | KDM4C 3,808 1,37E-03
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5362 7077

ENSG0000017 ENSG0000008

5294 CATSPER1 -5,132 4,03E-06 8727 KIF9 3,809 1,37E-03
ENSG0000017 ENSG0000021

4684 B3GNT6 -5,132 4,03E-06 3214 ARHGEF35 3,811 1,36E-03
ENSG0000010 ENSG0000016

9927 TECTA -5,132 4,03E-06 3162 RNF149 3,812 1,36E-03
ENSG0000011 ENSG0000019

1729 CLEC4A -5,132 4,03E-06 6976 LAGE3 3,823 1,30E-03
ENSG0000018 ENSG0000011

2544 MFSD5 -5,132 4,03E-06 1641 NOP2 3,828 1,27E-03
ENSG0000012 ENSG0000013

5207 PIWIL1 -5,132 4,03E-06 3026 MYH10 3,835 1,24E-03
ENSG0000013 ENSG0000015

4874 DZIP1 -5,132 4,03E-06 8106 RHPN1 3,854 1,15E-03
ENSG0000009 ENSG0000014

2054 MYH7 -5,132 4,03E-06 2102 ATHL1 3,858 1,13E-03
ENSG0000016 ENSG0000016

7195 GOLGA6C -5,132 4,03E-06 0932 LYGE 3,86 1,13E-03
ENSG0000020 ENSG0000013

5923 CEMP1 -5,132 4,03E-06 7161 CNPY3 3,864 1,11E-03
ENSG0000027 ENSG0000016

0885 RASL10B -5,132 4,03E-06 9231 THBS3 3,864 1,11E-03
ENSG0000016 ENSG0000017

1664 ASB16 -5,132 4,03E-06 5920 DOK7 3,873 1,07E-03
ENSG0000015 ENSG0000020

3822 KCNJ16 -5,132 4,03E-06 4673 AKT1S1 3,881 1,04E-03
ENSG0000011 ENSG0000006

6032 GRIN3B -5,132 4,03E-06 6230 SLC9A3 3,885 1,02E-03
ENSG0000017 ENSG0000007

7025 C190rf18 -5,132 4,03E-06 4582 BCSIL 3,899 9,64E-04
ENSG0000008 ENSG0000014

3807 SLC27A5 -5,132 4,03E-06 3387 CTSK 3,916 9,00E-04
ENSG0000018 ENSG0000013

5019 UBOX5 -5,132 4,03E-06 3687 TMTC1 3,934 8,38E-04
ENSG0000015 ENSG0000011

8445 KCNB1 -5,132 4,03E-06 3657 DPYSL3 3,935 8,36E-04
ENSG0000016 ENSG0000016

0200 CBS -5,132 4,03E-06 0439 RDH13 3,949 7,91E-04
ENSG0000015 ENSG0000014

8423 RIBC1 -5,132 4,03E-06 9503 INCENP 3,955 7,74E-04
ENSG0000026 ENSG0000014

9335 IKBKG -5,132 4,03E-06 1380 SS18 3,956 7,70E-04
ENSG0000015 ENSG0000000

4620 TMSB4Y -5,132 4,03E-06 8018 PSMB1 3,961 7,56E-04
ENSG0000019 ENSG0000000

6214 ZNF766 -5,123 4,22E-06 4799 PDK4 3,984 6,88E-04
ENSG0000013 ENSG0000010

6436 CALCOCO2 -5,122 4,24E-06 4897 SF3A2 3,988 6,77E-04
ENSG0000020 ENSG0000015

5810 KLRC3 -5,111 4,48E-06 9202 UBE2Z 3,999 6,47E-04
ENSG0000018 ENSG0000017

3161 FANCF -5,102 4,64E-06 9988 PSTK 4,003 6,39E-04
ENSG0000017 ENSG0000012

8828 RNF186 -5,1 4,64E-06 3810 B9D2 4,005 6,35E-04
ENSG0000011 ENSG0000017

7245 KIF17 -5,1 4,64E-06 2164 SNTB1 4,01 6,21E-04
ENSG0000012 ENSG0000024

2224 LY9 -5,1 4,64E-06 1343 RPL36A 4,03 5,72E-04
ENSG0000011 ENSG0000007

5221 ITGB6 -5,1 4,64E-06 9246 XRCC5 4,035 5,61E-04
ENSG0000011 ENSG0000007

8690 ARMC2 -5,1 4,64E-06 0831 CDC42 4,036 5,57E-04
ENSG0000016 ENSG0000017

7653 PSCA -5,1 4,64E-06 9218 CALR 4,054 5,19E-04
ENSG0000016 ENSG0000011

0323 ADAMTS13 -5,1 4,64E-06 6584 ARHGEF2 4,055 5,17E-04
ENSG0000013 ENSG0000014

7491 SLCO2B1 -5,1 4,64E-06 1738 GRB7 4,063 5,00E-04
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ENSG0000011 ENSG0000013
1087 GLI1 -5,1 4,64E-06 7393 RNF144B 4,066 4,94E-04
ENSG0000019 ENSG0000016
7991 PCDH20 -5,1 4,64E-06 8237 GLYCTK 4,077 4,71E-04
ENSG0000009 ENSG0000013
9365 STX1B -5,1 4,64E-06 0702 LAMAS 4,084 4,59E-04
ENSG0000018 ENSG0000017
5666 SYN3 -5,1 4,64E-06 0631 ZNF16 4,084 4,59E-04
ENSG0000018 ENSG0000011
6417 GLDN -5,07 5,42E-06 4573 ATP6V1A 4,086 4,56E-04
ENSG0000017 ENSG0000015
0191 NANP -5,065 5,55E-06 1876 FBXO4 4,093 4,44E-04
ENSG0000016 ENSG0000014
7447 SMG8 -5,061 5,65E-06 2541 RPL13A 4,095 4,40E-04
ENSG0000014 ENSG0000014
5386 CCNA2 -5,058 5,74E-06 1873 SLC39A3 4,097 4,36E-04
ENSG0000006 ENSG0000015
1455 PRDM6 -5,056 5,79E-06 5959 VBP1 4,106 4,20E-04
ENSG0000013 ENSG0000012
7504 CREBZF -5,052 5,91E-06 0733 KDM3B 4,118 4,00E-04
ENSG0000010 ENSG0000014
2886 GDPD3 -5,051 5,91E-06 5494 NDUFS6 4,122 3,94E-04
ENSG0000018 ENSG0000006
5485 SDHAP1 -5,042 6,20E-06 9329 VPS35 4,13 3,80E-04
ENSG0000026 ENSG0000017
0456 C160rf95 -5,038 6,31E-06 2954 LCLAT1 4,13 3,80E-04
ENSG0000013 ENSG0000017
0643 CALY -5,035 6,41E-06 9776 CDH5 4,133 3,76E-04
ENSG0000014 ENSG0000007
8572 NRBF2 -5,021 6,87E-06 9435 LIPE 4,135 3,72E-04
ENSG0000013 ENSG0000009
4864 GGACT -5,015 7,09E-06 2969 TGFB2 4,139 3,67E-04
ENSG0000018 ENSG0000015
9410 SH2D5 -5,005 7,19E-06 0990 DHX37 4,142 3,62E-04
ENSG0000024 ENSG0000010
2125 SNHG3 -5,005 7,19E-06 3199 ZNF500 4,143 3,62E-04
ENSG0000019 ENSG0000014
8691 ABCA4 -5,005 7,19E-06 3320 CRABP2 4,154 3,46E-04
ENSG0000027 ENSG0000017
2031 ANKRD34A -5,005 7,19E-06 3120 KDM2A 4,159 3,37E-04
ENSG0000013 ENSG0000015
2677 RHBG -5,005 7,19E-06 9556 ISL2 4,163 3,33E-04
ENSG0000014 ENSG0000013
3858 SYT2 -5,005 7,19E-06 2952 USPL1 4,17 3,23E-04
ENSG0000011 ENSG0000013
9283 TRIM67 -5,005 7,19E-06 3028 SCO1 4,175 3,16E-04
ENSG0000016 ENSG0000011
9618 PROKR1 -5,005 7,19E-06 6741 RGS2 4,183 3,06E-04
ENSG0000011 ENSG0000018
9227 PIGZ -5,005 7,19E-06 5112 FAM43A 4,192 2,94E-04
ENSG0000009 ENSG0000020
5203 EPB41L4B -5,005 7,19E-06 5060 SLC35B4 4,214 2,68E-04
ENSG0000020 ENSG0000000
5864 KRTAP5-6 -5,005 7,19E-06 9694 TENM1 4,247 2,32E-04
ENSG0000016 ENSG0000017
5923 AGBL2 -5,005 7,19E-06 5311 ANKS4B 4,25 2,29E-04
ENSG0000016 ENSG0000022
7780 SOAT2 -5,005 7,19E-06 1890 NPTXR 4,251 2,28E-04
ENSG0000012 ENSG0000022
0659 TNFSF11 -5,005 7,19E-06 1914 PPP2R2A 4,259 2,20E-04
ENSG0000009 ENSG0000017
1583 APOH -5,005 7,19E-06 9431 FIX1 4,261 2,18E-04
ENSG0000010 ENSG0000010
1470 TNNC2 -5,005 7,19E-06 9736 MFSD10 4,279 2,02E-04
ENSG0000015 ENSG0000015
4736 ADAMTS5 -5,005 7,19E-06 3187 HNRNPU 4,305 1,80E-04
ENSG0000013 ENSG0000012
4594 RAB33A -5,005 7,19E-06 5835 SNRPB 4,309 1,77E-04
ENSG0000014 | OAZ3 -5,004 7,19E-06 ENSG0000013 | DAGLA 4,314 1,73E-04
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3450 4780

ENSG0000014 ENSG0000019

3194 MAEL -5,004 7,19E-06 6812 ZSCAN16 4,337 1,56E-04
ENSG0000015 ENSG0000005

2086 TUBA3E -5,004 7,19E-06 9145 UNKL 4,361 1,41E-04
ENSG0000016 ENSG0000018

3827 LRRC2 -5,004 7,19E-06 6765 FSCN2 4,408 1,14E-04
ENSG0000013 ENSG0000012

8769 CDKL2 -5,004 7,19E-06 0437 ACAT2 4,417 1,10E-04
ENSG0000020 ENSG0000016

4618 RNF39 -5,004 7,19E-06 1800 RACGAP1 4,429 1,04E-04
ENSG0000019 ENSG0000010

6335 STK31 -5,004 7,19E-06 6636 YKT6 4,448 9,55E-05
ENSG0000000 ENSG0000016

5981 ASB4 -5,004 7,19E-06 9174 PCSK9 4,457 9,16E-05
ENSG0000015 ENSG0000012

8560 DYNC1I1 -5,004 7,19E-06 5430 HS3ST3B1 4,467 8,78E-05
ENSG0000000 ENSG0000012

1626 CFTR -5,004 7,19E-06 1775 TMEM39B 4,471 8,60E-05
ENSG0000018 ENSG0000023

1690 PLAG1 -5,004 7,19E-06 5082 SUMO1P3 4,471 8,60E-05
ENSG0000017 ENSG0000019

0324 FRMPD2 -5,004 7,19E-06 7208 SLC22A4 4,471 8,60E-05
ENSG0000012 ENSG0000017

0054 CPN1 -5,004 7,19E-06 1989 LDHAL6B 4,471 8,60E-05
ENSG0000017 ENSG0000017

2572 PDE3A -5,004 7,19E-06 1793 CTPS1 4,48 8,30E-05
ENSG0000016 ENSG0000016

8350 DEGS2 -5,004 7,19E-06 3352 LENEP 4,5 7,56E-05
ENSG0000028 ENSG0000014

4837 LOC339166 -5,004 7,19E-06 5911 N4BP3 4,5 7,56E-05
ENSG0000020 ENSG0000014

4323 SMIM5 -5,004 7,19E-06 8200 NR6A1 4,5 7,56E-05
ENSG0000021 ENSG0000020

2123 PRR22 -5,004 7,19E-06 6622 SNORA69 4,5 7,56E-05
ENSG0000019 ENSG0000015

7647 ZNF433 -5,004 7,19E-06 2669 CCNO 4,512 7,17E-05
ENSG0000018 ENSG0000016

5437 SH3BGR -5,004 7,19E-06 6532 RIMKLB 4,513 7,15E-05
ENSG0000017 ENSG0000010

9918 SEPHS2 -5,002 7,26E-06 3042 SLC38A7 4,513 7,15E-05
ENSG0000016 ENSG0000023

8939 SPRY3 -4,99 7,67E-06 1991 ANXA2P2 4,514 7,14E-05
ENSG0000013 ENSG0000013

6295 TTYH3 -4,989 7,73E-06 5960 EDAR 4,515 7,13E-05
ENSG0000018 ENSG0000016

0061 TMEM150B -4,988 7,75E-06 8765 GSTM4 4,515 7,13E-05
ENSG0000001 ENSG0000016

3619 MAMLD1 -4,987 7,81E-06 2745 OLFML2B 4,516 7,08E-05
ENSG0000010 ENSG0000019

5771 SMG9 -4,979 8,08E-06 6843 ARID5A 4,516 7,08E-05
ENSG0000017 ENSG0000014

3389 IQCF1 -4,979 8,10E-06 1028 CDRT15P1 4,516 7,08E-05
ENSG0000020 | LOC100507 ENSG0000022

4314 547 -4,977 8,15E-06 4420 ADM5 4,519 7,01E-05
ENSG0000011 ENSG0000015

1215 PRR4 -4,976 8,18E-06 8163 DZIP1L 4,521 6,98E-05
ENSG0000012 ENSG0000012

5144 MT1G -4,966 8,61E-06 3411 IKZF4 4,521 6,98E-05
ENSG0000013 ENSG0000021

7310 TCF19 -4,959 8,90E-06 3918 DNASE1 4,528 6,78E-05
ENSG0000017 ENSG0000013

7981 ASB8 -4,952 9,19E-06 9625 MAP3K12 4,533 6,62E-05
ENSG0000017 ENSG0000018

8999 AURKB -4,947 9,43E-06 8175 HEPACAM2 4,538 6,47E-05
ENSG0000018 ENSG0000011

7840 EIFAEBP1 -4,939 9,79E-06 3161 HMGCR 4,543 6,32E-05
ENSG0000019 ENSG0000015

9477 SNORA31 -4,933 1,01E-05 9346 ADIPOR1 4,548 6,20E-05
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ENSG0000010 ENSG0000016
7242 PIP5K1B -4,931 1,02E-05 | | 9925 BRD3 4,559 5,89E-05
ENSG0000015 ENSG0000018
2683 SLC30A6 -4,93 1,03E-05 | | 1284 TMEM102 4,565 5,72E-05
ENSG0000022 ENSG0000016
5470 JPX -4,93 1,03E-05 | | 2664 ZNF326 4,594 5,00E-05
ENSG0000020 ENSG0000016
6937 SNORA70B -4,928 1,03E-05 | | 7325 RRM1 4,601 4,85E-05
ENSG0000011 ENSG0000000
0900 TSPAN11 -4,914 1,11E-05 | | 4487 KDM1A 4,611 4,61E-05
ENSG0000014 ENSG0000008
1522 ARHGDIA -4,913 1,11E-05 | | 6300 SNX10 4,616 4,51E-05
ENSG0000009 ENSG0000017
2758 COL9A3 -4,912 1,12E-05 | | 5595 ERCC4 4,617 4,48E-05
ENSG0000021 ENSG0000010
3809 KLRK1 -4,909 1,13E-05 | | 6236 NPTX2 4,621 4,41E-05
ENSG0000026 ENSG0000018
0287 TBC1D3G -4,908 1,14E-05 | | 1222 POLR2A 4,623 4,38E-05
ENSG0000012 ENSG0000020
8563 PRKRIP1 -4,907 1,14E-05 | | 5581 HMGN1 4,631 4,23E-05
ENSG0000018 ENSG0000019
2870 GALNT9 -4,903 1,16E-05 | | 6182 STK40 4,632 4,21E-05
ENSG0000012 ENSG0000016
5931 CITED1 -4,903 1,16E-05 | | 4104 HMGB2 4,645 3,97E-05
ENSG0000021 ENSG0000000
3139 CRYGS -4,902 1,16E-05 | | 6625 GGCT 4,648 3,91E-05
ENSG0000017 ENSG0000011
4521 TTC9B -4,902 1,16E-05 | | 2715 VEGFA 4,651 3,86E-05
ENSG0000016 ENSG0000008
3762 TM4SF18 -4,9 1,18E-05 | | 8930 XRN2 4,658 3,74E-05
ENSG0000016 ENSG0000017
4053 TREX1 -4,899 1,18E-05 | | 6715 ACSF3 4,658 3,73E-05
ENSG0000016 ENSG0000013
5113 GKAP1 -4,898 1,19E-05 | | 7642 SORL1 4,662 3,67E-05
ENSG0000011 ENSG0000017
9946 CNNM1 -4,897 1,19E-05 | | 8163 ZNF518B 4,667 3,58E-05
ENSG0000019 ENSG0000010
6428 TSC22D2 -4,893 1,21E-05 | | 0567 PSMA3 4,67 3,52E-05
ENSG0000019 ENSG0000018
8848 CES1 -4,891 1,23E-05 | | 0263 FGD6 4,696 3,12E-05
ENSG0000022 | ERVMER34- ENSG0000005
6887 1 -4,881 1,29E-05 | | 4267 ARID4B 4,698 3,09E-05
ENSG0000013 ENSG0000014
9880 CDH24 -4,862 1,41E-05 | | 1642 ELAC1 4,705 2,98E-05
ENSG0000014 ENSG0000014
6674 IGFBP3 -4,861 1,42E-05 | | 9256 TENM4 4,742 2,50E-05
ENSG0000013 ENSG0000014
2185 FCRLA -4,86 1,42E-05 | | 8143 ZNF462 4,767 2,21E-05
ENSG0000007 ENSG0000016
0785 EIF2B3 -4,859 1,43E-05 | | 4902 PHAX 4,783 2,05E-05
ENSG0000019 ENSG0000017
6821 C60rf106 -4,852 1,48E-05 | | 3846 PLK3 4,793 1,96E-05
ENSG0000025 ENSG0000017
7122 RRN3P3 -4,825 1,68E-05 | | 0634 ACYP2 4,796 1,93E-05
ENSG0000020 ENSG0000018
4271 SPIN3 -4,825 1,68E-05 | | 0479 ZNF571 4,813 1,78E-05
ENSG0000027 ENSG0000011
0441 LAMB2P1 -4,824 1,69E-05 | | 7010 ZNF684 4,819 1,73E-05
ENSG0000013 ENSG0000016
6404 TMBSF1 -4,808 1,82E-05 | | 8884 TNIP2 4,845 1,53E-05
ENSG0000016 ENSG0000017
0214 RRP1 -4,804 1,86E-05 | | 3852 DPY19L1 4,846 1,52E-05
ENSG0000016 ENSG0000013
8924 LETM1 -4,799 1,90E-05 | | 6930 PSMB7 4,856 1,45E-05
ENSG0000016 ENSG0000018
3644 PPM1K -4,789 2,00E-05 | | 5261 KIAA0825 4,866 1,38E-05
ENSG0000010 ENSG0000016
1412 E2F1 -4,779 2,09E-05 | |9418 NPR1 4,869 1,36E-05
ENSG0000011 | ACADM -4,753 2,37E-05 | | ENSG0000023 | HOXB-AS3 4,872 1,35E-05
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7054 3101

ENSG0000018 ENSG0000006

3010 PYCR1 -4,749 2,42E-05 4933 PMS1 4,881 1,29E-05
ENSG0000011 ENSG0000019

0697 PITPNM1 -4,731 2,64E-05 7046 SIGLEC15 4,886 1,26E-05
ENSG0000016 ENSG0000016

7965 MLST8 -4,72 2,78E-05 0194 NDUFV3 4,894 1,21E-05
ENSG0000010 ENSG0000016

5516 DBP -4,686 3,26E-05 9599 NFU1 4,911 1,12E-05
ENSG0000010 ENSG0000019

5290 APLP1 -4,649 3,89E-05 7619 ZNF615 4,912 1,12E-05
ENSG0000005 ENSG0000011

2749 RRP12 -4,644 3,97E-05 2769 LAMA4 4,946 9,49E-06
ENSG0000016 ENSG0000018

1904 LEMD2 -4,627 4,31E-05 5252 ZNF74 4,949 9,34E-06
ENSG0000015 ENSG0000014

8292 GPR153 -4,626 4,33E-05 9716 ORAOV1 4,959 8,90E-06
ENSG0000014 ENSG0000013

7536 GINS4 -4,623 4,37E-05 0726 TRIM28 4,963 8,72E-06
ENSG0000025 ENSG0000017

4402 LRRC24 -4,621 4,42E-05 6840 MIR7-3HG 4,966 8,62E-06
ENSG0000010 ENSG0000017

5976 MET -4,588 5,14E-05 1435 KSR2 4,97 8,43E-06
ENSG0000016 ENSG0000013

4611 PTTG1 -4,587 5,16E-05 0005 GAMT 4,983 7,93E-06
ENSG0000015 ENSG0000010

5897 ADCY8 -4,558 5,93E-05 1843 PSMD10 4,986 7,81E-06
ENSG0000017 ENSG0000014

5426 PCSK1 -4,551 6,10E-05 0263 SORD 4,998 7,40E-06
ENSG0000025 ENSG0000019

9494 MRPL46 -4,545 6,29E-05 7978 GOLGA6L9 5,034 6,43E-06
ENSG0000012 ENSG0000017

9474 AJUBA -4,541 6,37E-05 5395 ZNF25 5,059 5,70E-06
ENSG0000013 ENSG0000013

9990 DCAF5 -4,535 6,57E-05 1652 THOC6 5,067 5,50E-06
ENSG0000016 ENSG0000018

4684 ZNF704 -4,526 6,84E-05 8859 FAM78B 5,068 5,46E-06
ENSG0000015 ENSG0000013

5729 KCTD18 -4,519 7,01E-05 2031 MATN3 5,075 5,29E-06
ENSG0000012 ENSG0000013

5740 FOSB -4,519 7,03E-05 7409 MTCH1 5,091 4,86E-06
ENSG0000018 ENSG0000013

1649 PHLDA2 -4,517 7,08E-05 7509 PRCP 5,092 4,84E-06
ENSG0000012 ENSG0000018

8342 LIF -4,502 7,53E-05 1826 RELL1 5,098 4,70E-06
ENSG0000016 ENSG0000013

4120 HPGD -4,493 7,81E-05 7571 SLCO5A1 5,099 4,66E-06
ENSG0000008 ENSG0000011

2996 RNF13 -4,481 8,24E-05 3569 NUP155 5,105 4,61E-06
ENSG0000010 ENSG0000019

2226 USP11 -4,48 8,29E-05 7562 RAB40C 5,114 4,40E-06
ENSG0000013 ENSG0000001

2970 WASF3 -4,478 8,35E-05 1478 QPCTL 5,116 4,35E-06
ENSG0000010 ENSG0000007

1247 NDUFAF5 -4,46 9,06E-05 9150 FKBP7 5,129 4,08E-06
ENSG0000008 ENSG0000011

7086 FTL -4,453 9,34E-05 1846 GCNT2 5,134 4,03E-06
ENSG0000015 ENSG0000019

2147 GEMING6 -4,451 9,41E-05 6605 ZNF846 5,14 4,03E-06
ENSG0000016 ENSG0000020

5879 FRAT1 -4,443 9,73E-05 5710 C170rf107 5,161 3,66E-06
ENSG0000010 ENSG0000020

4213 PDGFRL -4,441 9,85E-05 6948 SNORA36A 5,161 3,66E-06
ENSG0000021 ENSG0000014

5915 ATAD3C -4,408 1,14E-04 7799 ARHGAP39 5,162 3,66E-06
ENSG0000017 ENSG0000014

1763 SPATA5L1 -4,392 1,23E-04 9485 FADS1 5,173 3,47E-06
ENSG0000013 ENSG0000021

4684 YARS -4,383 1,28E-04 3693 SEC14L1P1 5,19 3,21E-06
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ENSG0000018 ENSG0000014

0758 GPR157 -4,382 1,28E-04 3772 ITPKB 5,197 3,11E-06
ENSG0000018 ENSG0000011

8566 NDOR1 -4,368 1,37E-04 2852 PCDHB2 5,197 3,11E-06
ENSG0000020 ENSG0000004

5220 PSMB10 -4,361 1,41E-04 9089 COL9A2 5,205 3,00E-06
ENSG0000021 ENSG0000027

5183 MSMP -4,353 1,46E-04 3514 FOXDA4L6 5,208 2,96E-06
ENSG0000018 ENSG0000011

1610 MRPS23 -4,346 1,50E-04 7335 CD46 5,208 2,96E-06
ENSG0000012 ENSG0000019

2068 FYTTD1 -4,338 1,56E-04 6233 LCOR 5,209 2,95E-06
ENSG0000013 ENSG0000025

2716 DCAF8 -4,337 1,56E-04 9581 TYRO3P 5,209 2,95E-06
ENSG0000010 ENSG0000021

7562 CXCL12 -4,329 1,62E-04 5045 GRID2IP 5,212 2,90E-06
ENSG0000017 ENSG0000016

8996 SNX18 -4,302 1,82E-04 2571 TTLL10 5,215 2,86E-06
ENSG0000017 ENSG0000017

6532 PRR15 -4,285 1,97E-04 7301 KCNA2 5,215 2,86E-06
ENSG0000006 ENSG0000023

5833 ME1 -4,269 2,11E-04 6334 PPIAL4G 5,215 2,86E-06
ENSG0000014 ENSG0000014

9743 TRPT1 -4,245 2,33E-04 3512 HHIPL2 5,215 2,86E-06
ENSG0000016 ENSG0000016

2849 KIF26B -4,204 2,79E-04 3803 PLB1 5,215 2,86E-06
ENSG0000016 ENSG0000021

8282 MGAT2 -4,198 2,87E-04 3901 SLC23A3 5,215 2,86E-06
ENSG0000014 ENSG0000027

0807 NKD1 -4,19 2,97E-04 2573 MUSTN1 5,215 2,86E-06
ENSG0000016 ENSG0000011

6166 TRMT61A -4,183 3,06E-04 3231 PDE8SB 5,215 2,86E-06
ENSG0000011 ENSG0000023

5350 POLE4 -4,18 3,10E-04 2159 RAB9BP1 5,215 2,86E-06
ENSG0000010 ENSG0000024

0473 COCH -4,172 3,20E-04 6334 PRR7-AS1 5,215 2,86E-06
ENSG0000017 ENSG0000009

0906 NDUFA3 -4,166 3,28E-04 6088 PGC 5,215 2,86E-06
ENSG0000018 ENSG0000013

5634 SHC4 -4,149 3,52E-04 2437 DDC 5,215 2,86E-06
ENSG0000017 ENSG0000010

4013 FBX045 -4,146 3,57E-04 4327 CALB1 5,215 2,86E-06
ENSG0000010 ENSG0000024

1665 SMAD?7 -4,095 4,40E-04 8599 FLJ42969 5,215 2,86E-06
ENSG0000001 ENSG0000023

3583 HEBP1 -4,09 4,50E-04 4618 RPSAP9 5,215 2,86E-06
ENSG0000017 ENSG0000013

8934 LGALS7B -4,088 4,52E-04 6918 WDR38 5,215 2,86E-06
ENSG0000009 ENSG0000019

7046 CDC7 -4,086 4,56E-04 8610 AKR1C4 5,215 2,86E-06
ENSG0000007 ENSG0000013

1073 MGAT4A -4,073 4,81E-04 8161 CuzD1 5,215 2,86E-06
ENSG0000012 ENSG0000025 | SLC22A18A

3297 TSFM -4,072 4,81E-04 4827 S 5,215 2,86E-06
ENSG0000012 ENSG0000016

0742 SERP1 -4,066 4,94E-04 6833 NAV2 5,215 2,86E-06
ENSG0000018 ENSG0000013

1472 ZBTB2 -4,051 5,24E-04 9194 RBP5 5,215 2,86E-06
ENSG0000023 ENSG0000020

4585 CCT6P3 -4,046 5,35E-04 7313 SNORA2B 5,215 2,86E-06
ENSG0000014 ENSG0000018

3416 SELENBP1 -4,041 5,46E-04 3092 BEGAIN 5,215 2,86E-06
ENSG0000014 ENSG0000016

6063 TRIM41 -4,022 5,91E-04 6143 PPP1R14D 5,215 2,86E-06
ENSG0000008 ENSG0000021

4764 MAPRE3 -4,001 6,44E-04 3398 LCAT 5,215 2,86E-06
ENSG0000016 ENSG0000017

5731 RET -3,999 6,49E-04 1431 KRT20 5,215 2,86E-06
ENSG0000016 | NRG4 -3,998 6,49E-04 ENSG0000013 | MYCBPAP 5,215 2,86E-06
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9752 6449

ENSG0000022 ENSG0000010

1963 APOL6 -3,997 6,52E-04 8370 RGS9 5,215 2,86E-06
ENSG0000014 ENSG0000016

7224 PRPS1 -3,989 6,73E-04 7216 KATNAL2 5,215 2,86E-06
ENSG0000016 ENSG0000017

3743 RCHY1 -3,981 6,95E-04 4788 PCP2 5,215 2,86E-06
ENSG0000016 ENSG0000026

5271 NOL6 -3,96 7,59E-04 9304 FKBP1AP1 5,215 2,86E-06
ENSG0000005 ENSG0000020

8600 POLR3E -3,954 7,76E-04 5726 ITSN1 5,215 2,86E-06
ENSG0000013 ENSG0000021

3739 LRRCC1 -3,949 7,91E-04 4827 MTCP1 5,215 2,86E-06
ENSG0000014 ENSG0000017

0859 KIFC3 -3,938 8,27E-04 4173 TRMT10C 5,229 2,78E-06
ENSG0000012 ENSG0000017

2512 PMS2 -3,928 8,59E-04 9750 APOBEC3B 5,233 2,73E-06
ENSG0000014 ENSG0000026

1433 ADCYAP1 -3,927 8,61E-04 5293 ARGFXP2 5,236 2,71E-06
ENSG0000006 ENSG0000024

8120 COASY -3,924 8,72E-04 2110 AMACR 5,24 2,66E-06
ENSG0000017 ENSG0000013

5931 UBE20 -3,921 8,85E-04 5736 CCDC102A 5,245 2,59E-06
ENSG0000018 ENSG0000020

5015 CA13 -3,918 8,94E-04 5763 RP9P 5,25 2,52E-06
ENSG0000010 ENSG0000027

0410 PHF5A -3,896 9,76E-04 1699 SNX29P2 5,25 2,52E-06
ENSG0000019 ENSG0000011

6313 POM121 -3,879 1,04E-03 7643 MAN1C1 5,256 2,44E-06
ENSG0000019 ENSG0000019

8743 SLC5A3 -3,863 1,11E-03 7312 DDI2 5,258 2,42E-06
ENSG0000017 ENSG0000018

0275 CRTAP -3,858 1,14E-03 8095 MESP2 5,258 2,42E-06
ENSG0000017 ENSG0000016

3013 CCDC96 -3,849 1,17E-03 2733 DDR2 5,258 2,42E-06
ENSG0000025 ENSG0000008

2712 SCARNA14 -3,845 1,19E-03 4072 PPIE 5,259 2,42E-06
ENSG0000013 ENSG0000022

7843 PAK6 -3,834 1,25E-03 5447 RPS15AP10 5,26 2,42E-06
ENSG0000013 ENSG0000011

7804 NUSAP1 -3,833 1,25E-03 5226 FNDC4 5,26 2,42E-06
ENSG0000004 ENSG0000013

9883 PTCD2 -3,821 1,31E-03 6546 SCN7A 5,26 2,42E-06
ENSG0000010 ENSG0000011

6723 SPIN1 -3,82 1,31E-03 5896 PLCL1 5,26 2,42E-06
ENSG0000018 ENSG0000024

8338 SLC38A3 -3,783 1,51E-03 9020 SNORA58 5,26 2,42E-06
ENSG0000008 ENSG0000019

9723 0TUB2 -3,774 1,57E-03 6748 CLPSL2 5,26 2,42E-06
ENSG0000006 ENSG0000016

0491 OGFR -3,76 1,66E-03 6106 ADAMTS15 5,26 2,42E-06
ENSG0000017 ENSG0000002

5841 FAM172BP -3,758 1,67E-03 5423 HSD17B6 5,26 2,42E-06
ENSG0000018 ENSG0000011

4845 DRD1 -3,758 1,67E-03 1052 LIN7A 5,26 2,42E-06
ENSG0000018 ENSG0000013

7735 TCEA1 -3,748 1,73E-03 3106 EPSTI1 5,26 2,42E-06
ENSG0000013 ENSG0000018

1781 FMO5 -3,748 1,73E-03 6910 SERPINA11 5,26 2,42E-06
ENSG0000016 ENSG0000017

6123 GPT2 -3,739 1,79E-03 7508 IRX3 5,26 2,42E-06
ENSG0000018 ENSG0000018

1523 SGSH -3,737 1,80E-03 0626 ZNF594 5,26 2,42E-06
ENSG0000018 ENSG0000017

5946 RNPC3 -3,72 1,92E-03 9761 PIPOX 5,26 2,42E-06
ENSG0000011 ENSG0000015

5541 HSPE1 -3,704 2,04E-03 9915 ZNF233 5,26 2,42E-06
ENSG0000011 ENSG0000009

2039 FANCE -3,67 2,31E-03 9326 MZF1 5,26 2,42E-06
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ENSG0000017 ENSG0000017
3171 MTX1 -3,665 2,37E-03 2264 MACROD2 5,26 2,42E-06
ENSG0000015 ENSG0000014
7212 PAXIP1 -3,662 2,38E-03 9634 SPATA25 5,26 2,42E-06
ENSG0000016 ENSG0000013
9221 TBC1D10B -3,654 2,45E-03 1831 RAI2 5,26 2,42E-06
ENSG0000011 ENSG0000010
5084 SLC35F5 -3,651 2,48E-03 2078 SLC25A14 5,26 2,42E-06
ENSG0000018 ENSG0000016
0329 CCDC43 -3,648 2,51E-03 2129 CLPB 5,26 2,42E-06
ENSG0000011 ENSG0000013
3732 ATP6VOE1 -3,647 2,51E-03 2872 SYT4 5,261 2,42E-06
ENSG0000012 ENSG0000018
7957 PMS2P3 -3,646 2,52E-03 5758 CLDN24 5,284 2,21E-06
ENSG0000024 ENSG0000018
1685 ARPC1A -3,643 2,55E-03 5379 RAD51D 5,284 2,21E-06
ENSG0000018 ENSG0000021
3775 KCTD16 -3,64 2,57E-03 3057 Clorf220 5,285 2,21E-06
ENSG0000012 ENSG0000017
4107 SLPI -3,63 2,67E-03 2771 EFCAB12 5,285 2,21E-06
ENSG0000016 ENSG0000015
4039 BDH2 -3,62 2,77E-03 4548 SRSF12 5,285 2,21E-06
ENSG0000014 ENSG0000007
0743 CDR2 -3,618 2,79E-03 3067 CYP2W1 5,285 2,21E-06
ENSG0000014 ENSG0000024
4655 CSRNP1 -3,618 2,79E-03 1644 INMT 5,285 2,21E-06
ENSG0000014 ENSG0000023
9483 TMEM138 -3,615 2,82E-03 5217 TSPY26P 5,285 2,21E-06
ENSG0000011 ENSG0000024
5107 STEAP3 -3,614 2,84E-03 0288 GHRLOS 5,291 2,17E-06
ENSG0000016 ENSG0000013
4181 ELOVL7 -3,611 2,86E-03 5205 CCDC146 5,294 2,14E-06
ENSG0000016 ENSG0000017
9683 LRRC45 -3,61 2,87E-03 6401 EID2B 5,306 2,00E-06
ENSG0000015 ENSG0000018
3317 ASAP1 -3,602 2,96E-03 1315 ZNF322 5,32 1,87E-06
ENSG0000018 ENSG0000015
5728 YTHDF3 -3,598 2,99E-03 2380 FAM151B 5,321 1,86E-06
ENSG0000025 ENSG0000002
3352 TUG1 -3,578 3,22E-03 5434 NR1H3 5,322 1,85E-06
ENSG0000017 ENSG0000018
5324 LSM1 -3,57 3,31E-03 1754 AMIGO1 5,322 1,85E-06
ENSG0000019 ENSG0000016
6712 NF1 -3,563 3,41E-03 0766 GBAP1 5,322 1,85E-06
ENSG0000020 ENSG0000011
5744 DENND1C -3,558 3,46E-03 8194 TNNT2 5,322 1,85E-06
ENSG0000012 ENSG0000017
4279 FASTKD3 -3,558 3,46E-03 1121 KCNMB3 5,322 1,85E-06
ENSG0000010 ENSG0000008
2921 N4BP1 -3,554 3,51E-03 1818 PCDHB4 5,322 1,85E-06
ENSG0000010 ENSG0000013
7537 PHYH -3,55 3,55E-03 7273 FOXF2 5,322 1,85E-06
ENSG0000012 ENSG0000014
1680 PEX16 -3,533 3,78E-03 6197 SCUBE3 5,322 1,85E-06
ENSG0000010 ENSG0000015
6070 GRB10 -3,5632 3,80E-03 6509 FBX043 5,322 1,85E-06
ENSG0000012 ENSG0000019
8463 EMC4 -3,525 3,88E-03 7291 RAMP2-AS1 5,322 1,85E-06
ENSG0000013 ENSG0000014
6826 KLF4 -3,516 4,03E-03 7251 DOCK11 5,322 1,85E-06
ENSG0000017 ENSG0000017
9562 GCC1 -3,507 4,14E-03 1388 APLN 5,322 1,85E-06
ENSG0000010 ENSG0000018
6546 AHR -3,505 4,16E-03 0596 HIST1IH2BE 5,325 1,85E-06
ENSG0000016 ENSG0000020
2757 Clorf74 -3,503 4,20E-03 7181 SNORA14B 5,326 1,85E-06
ENSG0000017 ENSG0000018
3212 MAB21L3 -3,498 4,27E-03 5567 AHNAK2 5,331 1,81E-06
ENSG0000018 | SLC51B -3,495 4,31E-03 ENSG0000022 | ZGLP1 5,342 1,70E-06
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6198 0201

ENSG0000016 ENSG0000008

2600 OMA1 -3,491 4,38E-03 8881 EBF4 5,344 1,69E-06
ENSG0000016 ENSG0000011

8883 USP39 -3,48 4,55E-03 6031 CD207 5,347 1,66E-06
ENSG0000016 ENSG0000015

1217 PCYT1A -3,477 4,58E-03 1292 CSNK1G3 5,347 1,66E-06
ENSG0000010 ENSG0000024

1343 CRNKL1 -3,473 4,65E-03 8449 PCDHGB8P 5,347 1,66E-06
ENSG0000012 ENSG0000020

5089 SH3TC1 -3,465 4,78E-03 4390 HSPA1L 5,347 1,66E-06
ENSG0000011 ENSG0000016

2343 TRIM38 -3,464 4,79E-03 6924 NYAP1 5,347 1,66E-06
ENSG0000014 ENSG0000009

8672 GLUD1 -3,46 4,86E-03 0382 LYz 5,347 1,66E-06
ENSG0000025 ENSG0000017

3729 PRKDC -3,459 4,87E-03 9029 TMEM107 5,347 1,66E-06
ENSG0000010 ENSG0000017

8389 MTMR4 -3,457 4,91E-03 5170 FAM182B 5,347 1,66E-06
ENSG0000018 ENSG0000009

1798 LINC00471 -3,45 5,02E-03 9998 GGT5 5,347 1,66E-06
ENSG0000021 ENSG0000015

9481 NBPF1 -3,444 5,11E-03 8301 GPRASP2 5,347 1,66E-06
ENSG0000016 ENSG0000013

2676 GFI1 -3,444 5,11E-03 3142 TCEAL4 5,347 1,66E-06
ENSG0000013 ENSG0000024

4369 NAV1 -3,443 5,12E-03 4026 FAM86DP 5,355 1,63E-06
ENSG0000013 ENSG0000010

8771 SHROOM3 -3,443 5,13E-03 2878 HSF4 5,355 1,63E-06
ENSG0000016 ENSG0000008

0695 VPS11 -3,439 5,19E-03 4628 NKAIN1 5,356 1,63E-06
ENSG0000017 ENSG0000010

2331 BPGM -3,438 5,21E-03 1850 GPR143 5,364 1,57E-06
ENSG0000016 ENSG0000012

9957 ZNF768 -3,435 5,25E-03 4939 SCGB2A1 5,364 1,56E-06
ENSG0000010 ENSG0000020

6733 NMRK1 -3,425 5,43E-03 5755 CRLF2 5,366 1,56E-06
ENSG0000028 | ARHGAP11 ENSG0000010

5077 B -3,424 5,46E-03 1306 MYLK2 5,373 1,50E-06
ENSG0000000 ENSG0000016

9954 BAZ1B -3,424 5,46E-03 7711 SERPINF2 5,373 1,50E-06
ENSG0000015 ENSG0000010

4545 MAGED4 -3,424 5,46E-03 9089 CDR2L 5,375 1,49E-06
ENSG0000017 ENSG0000014

4444 RPL4 -3,415 5,61E-03 0297 GCNT3 5,377 1,48E-06
ENSG0000010 ENSG0000013

7863 ARHGAP21 -3,415 5,61E-03 1981 LGALS3 5,394 1,36E-06
ENSG0000021 ENSG0000012

4753 HNRNPUL2 -3,401 5,89E-03 8242 GAL3ST1 5,398 1,32E-06
ENSG0000015 ENSG0000020

5506 LARP1 -3,398 5,96E-03 0237 SNORA70 5,411 1,24E-06
ENSG0000013 ENSG0000010

8231 DBR1 -3,398 5,96E-03 9771 LRP2BP 5,414 1,22E-06
ENSG0000014 ENSG0000016

6425 DYNLT1 -3,396 6,00E-03 8661 ZNF30 5,415 1,22E-06
ENSG0000020 ENSG0000010

3705 TATDN3 -3,391 6,09E-03 5672 ETV2 5,428 1,13E-06
ENSG0000012 ENSG0000015

5812 GZF1 -3,389 6,13E-03 9228 CBR1 5,434 1,10E-06
ENSG0000020 ENSG0000013

4568 MRPS18B -3,387 6,17E-03 2718 SYT11 5,452 9,97E-07
ENSG0000015 ENSG0000013

7916 RER1 -3,385 6,22E-03 5773 CAPN9 5,457 9,71E-07
ENSG0000005 ENSG0000020 | ATP6VOE2-

8668 ATP2B4 -3,375 6,44E-03 4934 AS1 5,457 9,71E-07
ENSG0000017 ENSG0000017

9913 B3GNT3 -3,371 6,52E-03 2650 AGAP5 5,457 9,71E-07
ENSG0000016 ENSG0000019

9439 SDC2 -3,365 6,65E-03 7696 NMB 5,457 9,71E-07
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ENSG0000016 ENSG0000013
3171 CDC42EP3 -3,363 6,68E-03 9344 AMDHD1 5,469 9,12E-07
ENSG0000019 ENSG0000010
6793 ZNF239 -3,362 6,70E-03 1608 MYL12A 5,473 8,97E-07
ENSG0000017 ENSG0000014
7311 ZBTB38 -3,36 6,74E-03 0848 CPNE2 5,479 8,70E-07
ENSG0000011 ENSG0000016
9844 AFTPH -3,359 6,76E-03 6529 ZSCAN21 5,48 8,66E-07
ENSG0000014 ENSG0000025
6386 ABRACL -3,354 6,89E-03 0120 PCDHA10 5,488 8,29E-07
ENSG0000017 ENSG0000013
7465 ACOT4 -3,35 6,96E-03 2471 WBP2 5,515 7,16E-07
ENSG0000009 ENSG0000020
9889 ARVCF -3,344 7,11E-03 4967 PCDHA4 5,517 7,10E-07
ENSG0000015 ENSG0000011
7445 CACNA2D3 -3,343 7,14E-03 8620 ZNF430 5,527 6,73E-07
ENSG0000010 ENSG0000021
0813 ACIN1 -3,341 7,19E-03 3760 ATP6V1G2 5,532 6,54E-07
ENSG0000019 ENSG0000011
7063 MAFG -3,34 7,20E-03 7115 PADI2 5,577 5,11E-07
ENSG0000009 ENSG0000015
0674 MCOLN1 -3,331 7,41E-03 6531 PHF6 5,583 4,95E-07
ENSG0000015 ENSG0000016
5792 DEPTOR -3,306 8,05E-03 8411 RFWD3 5,589 4,79E-07
ENSG0000012 ENSG0000019
6460 PRRG2 -3,302 8,15E-03 6365 LONP1 5,6 4,52E-07
ENSG0000016 ENSG0000013
4144 ARFIP1 -3,297 8,30E-03 5486 HNRNPA1 5,602 4,48E-07
ENSG0000026 ENSG0000021
2096 PCDHB19P -3,294 8,37E-03 3741 RPS29 5,613 4,23E-07
ENSG0000009 ENSG0000019
9910 KLHL22 -3,284 8,66E-03 6357 ZNF565 5,656 3,32E-07
ENSG0000013 ENSG0000022
9977 NAA30 -3,28 8,77E-03 3572 CKMT1A 5,668 3,09E-07
ENSG0000014 ENSG0000016
9679 CABLES2 -3,28 8,77E-03 7100 SAMD14 5,683 2,84E-07
ENSG0000012 ENSG0000011
0868 APAF1 -3,278 8,82E-03 9878 CRIPT 5,697 2,63E-07
ENSG0000018 ENSG0000013
7068 C30rf70 -3,274 8,94E-03 2781 MUTYH 5,707 2,50E-07
ENSG0000007 ENSG0000024
5415 SLC25A3 -3,273 8,96E-03 9158 PCDHA11 5,714 2,39E-07
ENSG0000012 ENSG0000014
0942 UBIAD1 -3,272 8,97E-03 6556 WASH2P 5,726 2,24E-07
ENSG0000018 ENSG0000021
6187 ZNRF1 -3,271 9,00E-03 4013 GANC 5,753 1,93E-07
ENSG0000017 ENSG0000013
2336 POP7 -3,27 9,02E-03 8119 MYOF 5,77 1,75E-07
ENSG0000019 ENSG0000010
6975 ANXA4 -3,264 9,20E-03 5085 MED26 5,807 1,41E-07
ENSG0000017 ENSG0000010
8927 C170rf62 -3,261 9,28E-03 3494 RPGRIP1L 5,807 1,41E-07
ENSG0000006 ENSG0000017
7221 STOML1 -3,251 9,60E-03 9010 MRFAP1 5,809 1,40E-07
ENSG0000012 ENSG0000015
3836 PFKFB2 -3,248 9,66E-03 9899 NPR2 5,817 1,34E-07
ENSG0000009 ENSG0000015
0534 THPO -3,247 9,71E-03 2240 HAUS1 5,825 1,29E-07
ENSG0000012 ENSG0000011
8203 ASPHD2 -3,246 9,74E-03 7152 RGS4 5,829 1,26E-07
ENSG0000010 ENSG0000018
9919 MTCH2 -3,239 9,96E-03 4465 WDR27 5,856 1,08E-07
ENSG0000003 ENSG0000014
7897 METTL1 -3,237 1,00E-02 7119 CHST?7 5,873 9,77E-08
ENSG0000015 ENSG0000016
4856 APCDD1 -3,228 1,03E-02 4877 MICALL2 5,876 9,61E-08
ENSG0000013 ENSG0000013
3056 PIK3C2B -3,227 1,03E-02 2740 IGHMBP2 5,886 9,06E-08
ENSG0000017 | PFAS -3,223 1,04E-02 ENSG0000009 | HSP90AB1 5,887 9,00E-08
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8921 6384

ENSG0000017 ENSG0000011

3011 TADA2B -3,221 1,05E-02 | | 9673 ACOT2 5,894 8,70E-08
ENSG0000013 ENSG0000022

3477 FAM83F -3,219 1,06E-02 | | 1737 MIR54811 5,906 8,06E-08
ENSG0000018 ENSG0000027

8994 ZNF292 -3,212 1,08E-02 | | 4211 SOCS7 5,93 7,03E-08
ENSG0000015 ENSG0000016

2942 RAD17 -3,211 1,08E-02 | | 3694 RBM47 5,931 7,00E-08
ENSG0000019 ENSG0000017

6417 ZNF765 -3,208 1,09E-02 | | 0835 CEL 5,932 6,98E-08
ENSG0000007 ENSG0000016

7312 SNRPA -3,207 1,10E-02 | | 7895 TMC8 5,941 6,65E-08
ENSG0000013 ENSG0000016

4574 DDB2 -3,204 1,10E-02 | | 0818 GPATCH4 5,943 6,58E-08
ENSG0000017 ENSG0000016

5220 ARHGAP1 -3,198 1,13E-02 | | 4855 TMEM184A 5,947 6,43E-08
ENSG0000010 ENSG0000016

1210 EEF1A2 -3,194 1,14E-02 | | 5097 KDM1B 5,956 6,10E-08
ENSG0000002 ENSG0000019

9993 HMGB3 -3,193 1,15E-02 | | 6611 MMP1 5,976 5,44E-08
ENSG0000013 ENSG0000018

2874 SLC14A2 -3,188 1,16E-02 | | 8996 HUS1B 5,982 5,28E-08
ENSG0000016 ENSG0000018

8286 THAP11 -3,188 1,16E-02 | | 0423 HARBI1 5,986 5,14E-08
ENSG0000013 ENSG0000010

8435 CHRNA1 -3,186 1,17E-02 | | 0994 PYGB 5,996 4,85E-08
ENSG0000016 ENSG0000029 | LOC37444

8264 IRF2BP2 -3,179 1,20E-02 | | 1107 3 6,009 4,50E-08
ENSG0000013 ENSG0000011

0816 DNMT1 -3,174 1,21E-02 | | 6221 MRPL37 6,012 4,43E-08
ENSG0000007 | STEGALNA ENSG0000006

0526 c1 -3,164 1,25E-02 | | 9482 GAL 6,021 4,18E-08
ENSG0000010 ENSG0000011

4221 BRF2 -3,163 1,26E-02 | | 6668 SWT1 6,022 4,18E-08
ENSG0000024 ENSG0000022

4274 DBNDD2 -3,153 1,29E-02 | | 1916 C190rf73 6,024 4,14E-08
ENSG0000016 ENSG0000012

3536 SERPINI1 -3,152 1,30E-02 | | 2970 IFT81 6,025 4,10E-08
ENSG0000014 ENSG0000018

3367 TUFT1 -3,147 1,32E-02 | | 5088 RPS27L 6,031 3,97E-08
ENSG0000011 ENSG0000009

9760 SUPT7L -3,139 1,35E-02 | | 9139 PCSK5 6,072 3,10E-08
ENSG0000017 ENSG0000010

1492 LRRC8D -3,137 1,36E-02 | | 4872 PIH1D1 6,083 2,92E-08
ENSG0000015 ENSG0000010

3944 MSI2 -3,135 1,37E-02 | | 8852 MPP2 6,091 2,79E-08
ENSG0000011 ENSG0000020

4125 RNF7 -3,134 1,37E-02 | | 5885 C1RL-AS1 6,098 2,68E-08
ENSG0000015 ENSG0000010

9267 HLCS -3,132 1,38E-02 | | 0575 TIMM9 6,102 2,61E-08
ENSG0000013 ENSG0000015

2405 TBC1D14 -3,131 1,39E-02 | | 2684 PELO 6,105 2,57E-08
ENSG0000024 ENSG0000019

0065 PSMB9 -3,123 1,42E-02 | | 6369 SRGAP2B 6,12 2,34E-08
ENSG0000019 ENSG0000016

7019 SERTAD1 -3,123 1,42E-02 | | 7889 MGAT5B 6,123 2,30E-08
ENSG0000018 ENSG0000019

3155 RABIF -3,122 1,43E-02 | | 7766 CFD 6,126 2,27E-08
ENSG0000011 ENSG0000015

4127 XRN1 -3,121 1,43E-02 | | 4920 EME1 6,126 2,27E-08
ENSG0000005 ENSG0000014

4179 ENTPD2 -3,117 1,45E-02 | | 0398 NEIL1 6,132 2,21E-08
ENSG0000016 ENSG0000011

9188 APEX2 -3,111 1,47E-02 | | 2033 PPARD 6,152 1,96E-08
ENSG0000021 ENSG0000002

3588 ZBTB9 -3,11 1,47E-02 | | 6652 AGPAT4 6,163 1,84E-08
ENSG0000019 ENSG0000016

6704 AMZ2 -3,106 1,49E-02 | | 6886 NAB2 6,165 1,82E-08
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ENSG0000010 ENSG0000017
7816 LZTS2 -3,105 1,50E-02 6020 AMIGO3 6,179 1,66E-08
ENSG0000010 ENSG0000013
5656 ELL -3,105 1,50E-02 7801 THBS1 6,197 1,49E-08
ENSG0000014 ENSG0000018
3578 CREB3L4 -3,104 1,50E-02 1982 CCDC149 6,201 1,46E-08
ENSG0000018 ENSG0000018
2325 FBXL6 -3,102 1,51E-02 8672 RHCE 6,202 1,45E-08
ENSG0000015 ENSG0000012
6802 ATAD2 -3,096 1,54E-02 0158 RCL1 6,204 1,43E-08
ENSG0000018 ENSG0000011
9241 TSPYL1 -3,088 1,58E-02 7632 STMN1 6,217 1,32E-08
ENSG0000015 ENSG0000012
4059 IMPACT -3,084 1,59E-02 0053 GOT1 6,245 1,11E-08
ENSG0000018 ENSG0000010
5246 PRPF39 -3,082 1,61E-02 6993 CDC37L1 6,256 1,04E-08
ENSG0000010 ENSG0000010
8828 VAT1 -3,081 1,61E-02 0344 PNPLA3 6,265 9,82E-09
ENSG0000014 ENSG0000024
4837 PLA1A -3,079 1,62E-02 0386 LCE1F 6,27 9,48E-09
ENSG0000014 ENSG0000018
3870 PDIA6 -3,078 1,62E-02 2923 CEP63 6,275 9,23E-09
ENSG0000011 ENSG0000010
7036 ETV3 -3,076 1,63E-02 3196 CRISPLD2 6,286 8,68E-09
ENSG0000015 ENSG0000019
5329 ZCCHC10 -3,074 1,64E-02 8492 YTHDF2 6,323 6,87E-09
ENSG0000017 ENSG0000025
3614 NMNAT1 -3,073 1,64E-02 8289 CHURC1 6,357 5,51E-09
ENSG0000013 ENSG0000026
0177 CDC16 -3,073 1,64E-02 1461 UBE2MP1 6,372 5,01E-09
ENSG0000011 ENSG0000009
4315 HES1 -3,072 1,64E-02 5752 IL11 6,387 4,56E-09
ENSG0000016 ENSG0000013
8393 DTYMK -3,072 1,64E-02 9725 RHOF 6,389 4,51E-09
ENSG0000019 ENSG0000012
8915 RASGEF1A -3,061 1,70E-02 5898 FAM110A 6,403 4,13E-09
ENSG0000017 ENSG0000019
6619 LMNB2 -3,061 1,70E-02 8934 MAGEE1 6,407 4,04E-09
ENSG0000009 ENSG0000010
0273 NUDC -3,054 1,74E-02 6080 FKBP14 6,408 4,01E-09
ENSG0000019 ENSG0000017
7903 HIST1H2BK -3,053 1,75E-02 5895 PLEKHF2 6,428 3,55E-09
ENSG0000017 ENSG0000012
6933 TOB2P1 -3,051 1,75E-02 5841 NRSN2 6,436 3,37E-09
ENSG0000025 ENSG0000012
6061 DYX1C1 -3,048 1,77E-02 1281 ADCY7 6,477 2,59E-09
ENSG0000005 ENSG0000012
5118 KCNH2 -3,048 1,77E-02 0685 PROSER1 6,59 1,24E-09
ENSG0000007 ENSG0000012
4201 CLNS1A -3,047 1,77E-02 8683 GAD1 6,609 1,09E-09
ENSG0000017 ENSG0000018
3812 EIF1 -3,046 1,77E-02 8613 NANOS1 6,626 9,78E-10
ENSG0000006 ENSG0000013
4999 ANKS1A -3,045 1,78E-02 8709 LARP1B 6,626 9,78E-10
ENSG0000016 ENSG0000021
8818 STX18 -3,039 1,81E-02 3928 IRF9 6,634 9,34E-10
ENSG0000009 ENSG0000019
0776 EFNB1 -3,035 1,84E-02 8563 DDX39B 6,662 7,73E-10
ENSG0000012 ENSG0000014
9932 DOHH -3,033 1,85E-02 2684 ZNF593 6,672 7,26E-10
ENSG0000010 ENSG0000022
5708 ZNF14 -3,024 1,90E-02 9186 ADAM1A 6,674 7,14E-10
ENSG0000010 ENSG0000016
0522 GNPNAT1 -3,022 1,91E-02 8874 ATOH8 6,678 6,96E-10
ENSG0000017 ENSG0000016
5213 ZNF408 -3,021 1,92E-02 8297 PXK 6,713 5,52E-10
ENSG0000013 ENSG0000013
2470 ITGB4 -3,021 1,92E-02 0749 ZC3H4 6,713 5,52E-10
ENSG0000027 | DUSP14 -3,015 1,95E-02 ENSG0000012 | ATF4 6,724 5,15E-10
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6023 8272

ENSG0000017 ENSG0000011

0860 LSM3 -3,012 1,97E-02 1490 TBC1D30 6,75 4,34E-10
ENSG0000016 ENSG0000016

4168 TMEM184C -3,008 1,99E-02 8216 LMBRD1 6,758 4,10E-10
ENSG0000015 ENSG0000017

3130 SCOC -3,004 2,02E-02 9041 RRS1 6,76 4,07E-10
ENSG0000019 ENSG0000010

6387 ZNF140 -3,003 2,02E-02 3034 NDRG4 6,85 2,19E-10
ENSG0000012 ENSG0000008

0675 DNAJC15 -2,997 2,06E-02 2805 ERC1 6,868 1,95E-10
ENSG0000013 ENSG0000020

6270 TBRG4 -2,995 2,07E-02 3668 CHML 6,87 1,92E-10
ENSG0000013 ENSG0000006

5317 SNX14 -2,992 2,09E-02 9188 SDK2 6,875 1,86E-10
ENSG0000017 ENSG0000010

4343 CHRNA9 -2,991 2,09E-02 5750 ZNF85 6,882 1,78E-10
ENSG0000005 ENSG0000013

2126 PLEKHAS -2,991 2,10E-02 7094 DNAJBS 6,888 1,72E-10
ENSG0000016 ENSG0000016

9021 UQCRFS1 -2,984 2,14E-02 6086 JAM3 7,013 7,15E-11
ENSG0000013 ENSG0000015

5392 DNAJC14 -2,984 2,14E-02 2520 PAN3 7,037 5,99E-11
ENSG0000018 ENSG0000017

8554 NBR1 -2,977 2,18E-02 3530 TNFRSF10D 7,099 3,91E-11
ENSG0000012 ENSG0000016

1350 PYROXD1 -2,977 2,18E-02 8887 C20rf68 7,11 3,60E-11
ENSG0000016 ENSG0000011

4674 SYTL3 -2,975 2,19E-02 8496 FBXO30 7,119 3,40E-11
ENSG0000018 ENSG0000014

6501 TMEM222 -2,973 2,21E-02 9150 SLC43A1 7,136 3,03E-11
ENSG0000014 ENSG0000016

0284 SLC27A2 -2,97 2,23E-02 8026 TTC21A 7,143 2,88E-11
ENSG0000018 ENSG0000007

5499 MUC1 -2,97 2,23E-02 2110 ACTN1 7,149 2,76E-11
ENSG0000012 ENSG0000010

5434 SLC25A35 -2,964 2,26E-02 4833 TUBB4A 7,195 1,99E-11
ENSG0000011 ENSG0000018

9640 ACYP1 -2,962 2,28E-02 8211 NCR3LG1 7,22 1,67E-11
ENSG0000015 ENSG0000010

8480 SPATA2 -2,96 2,29E-02 5088 OLFM2 7,244 1,40E-11
ENSG0000014 ENSG0000011

1349 G6PC3 -2,958 2,30E-02 9801 YPELS 7,263 1,23E-11
ENSG0000015 ENSG0000012

8113 LRRC43 -2,956 2,31E-02 6778 SIX1 7,276 1,11E-11
ENSG0000006 ENSG0000018

4787 BCAS1 -2,956 2,31E-02 7957 DNER 7,289 1,02E-11
ENSG0000006 ENSG0000016

7992 PDK3 -2,955 2,32E-02 2702 ZNF281 7,294 9,75E-12
ENSG0000014 ENSG0000017

2252 GEMIN7 -2,954 2,32E-02 9833 SERTAD2 7,297 9,61E-12
ENSG0000010 ENSG0000012

6927 AMBP -2,949 2,35E-02 2694 GLIPR2 7,306 8,98E-12
ENSG0000010 ENSG0000018

5388 CEACAMS5 -2,949 2,36E-02 4436 THAP7 7,345 6,75E-12
ENSG0000010 ENSG0000017

5552 BCAT2 -2,943 2,39E-02 2731 LRRC20 7,417 3,98E-12
ENSG0000012 ENSG0000021

5817 CENPB -2,94 2,41E-02 3859 KCTD11 7,419 3,92E-12
ENSG0000012 ENSG0000014

5459 MSTO1 -2,933 2,46E-02 6267 FAXC 7,42 3,91E-12
ENSG0000007 ENSG0000025

5856 SART3 -2,933 2,46E-02 8366 RTEL1 7,451 3,11E-12
ENSG0000005 ENSG0000018

5208 TAB2 -2,927 2,50E-02 2287 AP1S2 7,484 2,45E-12
ENSG0000016 ENSG0000023

3072 NOSTRIN -2,927 2,50E-02 5194 PPP1R3E 7,529 1,75E-12
ENSG0000014 ENSG0000020

8153 INIP -2,923 2,53E-02 4779 FOXDA4L5 7,563 1,35E-12
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ENSG0000016 ENSG0000010
4576 SAP30L -2,917 2,58E-02 4131 EIF3) 7,586 1,14E-12
ENSG0000005 ENSG0000015
4277 OPN3 -2,915 2,59E-02 0401 DCUN1D2 7,679 5,72E-13
ENSG0000016 ENSG0000002
6851 PLK1 -2,909 2,63E-02 6950 BTN3A1 7,693 5,13E-13
ENSG0000006 ENSG0000008
6279 ASPM -2,909 2,64E-02 3454 P2RX5 7,731 3,84E-13
ENSG0000009 ENSG0000016
0612 ZNF268 -2,906 2,66E-02 7264 DUS2L 7,739 3,61E-13
ENSG0000008 ENSG0000016
2641 NFE2L1 -2,905 2,67E-02 8495 POLR3D 7,785 2,53E-13
ENSG0000000 ENSG0000025
4142 POLDIP2 -2,901 2,69E-02 1595 ABCA11P 7,786 2,52E-13
ENSG0000014 ENSG0000018
7316 MCPH1 -2,897 2,73E-02 8878 FBF1 7,84 1,65E-13
ENSG0000017 ENSG0000014
0653 ATF7 -2,893 2,77E-02 1101 NOB1 7,86 1,41E-13
ENSG0000015 ENSG0000012
1276 MAGI1 -2,888 2,80E-02 9646 QRICH2 7,861 1,41E-13
ENSG0000013 ENSG0000017
2475 H3F3A -2,886 2,81E-02 3548 SNX33 7,923 8,61E-14
ENSG0000027 ENSG0000012
5410 HNF1B -2,886 2,82E-02 8604 IRF5 7,973 5,86E-14
ENSG0000010 ENSG0000016
4408 EIF3E -2,878 2,88E-02 0087 UBE2J2 7,98 5,57E-14
ENSG0000002 ENSG0000016
0129 NCDN -2,873 2,92E-02 5730 STOX1 7,983 5,46E-14
ENSG0000013 ENSG0000010
5336 ORC3 -2,872 2,93E-02 3194 USP10 7,994 4,99E-14
ENSG0000011 ENSG0000008
1364 DDX55 -2,864 3,00E-02 7077 TRIP6 8,014 4,28E-14
ENSG0000024 ENSG0000018
3646 IL10RB -2,848 3,15E-02 2534 MXRA7 8,028 3,84E-14
ENSG0000022 ENSG0000011
6950 DANCR -2,847 3,16E-02 7472 TSPAN1 8,04 3,50E-14
ENSG0000018 ENSG0000006
5163 DDX51 -2,846 3,16E-02 3587 ZNF275 8,054 3,14E-14
ENSG0000015 ENSG0000012
5090 KLF10 -2,845 3,17E-02 6583 PRKCG 8,058 3,06E-14
ENSG0000015 ENSG0000004
3904 DDAH1 -2,844 3,17E-02 8162 NOP16 8,079 2,59E-14
ENSG0000008 ENSG0000024
5721 RRN3 -2,844 3,17E-02 1404 EGFL8 8,15 1,46E-14
ENSG0000016 ENSG0000017
9217 CD2BP2 -2,841 3,20E-02 0037 CNTROB 8,151 1,46E-14
ENSG0000019 ENSG0000010
6967 ZNF585A -2,841 3,20E-02 5447 GRWD1 8,165 1,31E-14
ENSG0000022 | RAPGEF4- ENSG0000018
8016 AS1 -2,835 3,25E-02 4575 XPOT 8,169 1,27E-14
ENSG0000024 ENSG0000016
2485 MRPL20 -2,833 3,27E-02 8734 PKIG 8,18 1,17E-14
ENSG0000014 ENSG0000015
6416 AlIG1 -2,833 3,27E-02 9905 ZNF221 8,214 9,00E-15
ENSG0000012 ENSG0000008
5384 PTGER2 -2,83 3,30E-02 3635 NUFIP1 8,271 5,69E-15
ENSG0000012 ENSG0000023
0093 HOXB3 -2,826 3,34E-02 7580 GCSHP3 8,292 4,79E-15
ENSG0000016 ENSG0000018
7186 Cc0oQ7 -2,825 3,34E-02 1915 ADO 8,306 4,30E-15
ENSG0000010 ENSG0000015
9819 PPARGC1A -2,824 3,34E-02 4310 TNIK 8,322 3,79E-15
ENSG0000007 ENSG0000011
0495 JMJD6 -2,82 3,38E-02 6353 MECR 8,355 2,93E-15
ENSG0000011 ENSG0000016
4030 KPNA1 -2,818 3,40E-02 8743 NPNT 8,365 2,73E-15
ENSG0000017 ENSG0000012
9151 EDC3 -2,817 3,40E-02 7993 RBM48 8,368 2,68E-15
ENSG0000026 | DYNLL2 -2,814 3,43E-02 ENSG0000016 | ZBTB49 8,378 2,48E-15
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4364 8826

ENSG0000016 ENSG0000013

0007 ARHGAP35 -2,812 3,44E-02 4569 LRP4 8,436 1,59E-15
ENSG0000013 ENSG0000008

5387 CAPRIN1 -2,804 3,53E-02 1041 CXCL2 8,436 1,59E-15
ENSG0000013 ENSG0000018

5297 MTO1 -2,799 3,58E-02 3317 EPHA10 8,449 1,43E-15
ENSG0000017 ENSG0000015

9862 CITED4 -2,797 3,60E-02 4102 C160rf74 8,453 1,39E-15
ENSG0000017 ENSG0000023

8950 GAK -2,796 3,60E-02 5631 RNF148 8,47 1,21E-15
ENSG0000015 ENSG0000021

1012 SLC7A11 -2,795 3,61E-02 3390 ARHGAP19 8,484 1,09E-15
ENSG0000016 ENSG0000012

4932 CTHRC1 -2,794 3,62E-02 9757 CDKN1C 8,518 8,22E-16
ENSG0000012 ENSG0000003

1989 ACVR2A -2,794 3,62E-02 8427 VCAN 8,548 6,51E-16
ENSG0000010 ENSG0000025

7554 DNMBP -2,794 3,62E-02 3958 CLDN23 8,576 5,11E-16
ENSG0000013 ENSG0000015

5976 ANKRD36 -2,793 3,63E-02 4359 LONRF1 8,591 4,53E-16
ENSG0000018 ENSG0000015

4281 TSSC4 -2,792 3,63E-02 4328 NEIL2 8,597 4,33E-16
ENSG0000025 ENSG0000007

1022 THAP9-AS1 -2,792 3,64E-02 5043 KCNQ2 8,605 4,07E-16
ENSG0000016 ENSG0000024

3913 IFT122 -2,786 3,68E-02 3509 TNFRSF6B 8,62 3,62E-16
ENSG0000024 ENSG0000017

4005 NFS1 -2,785 3,69E-02 4928 C30rf33 8,625 3,48E-16
ENSG0000021 ENSG0000026

5717 TMEM167B -2,783 3,72E-02 5681 RPL17 8,632 3,28E-16
ENSG0000016 ENSG0000012

9813 HNRNPF -2,782 3,72E-02 0709 FAM53C 8,638 3,13E-16
ENSG0000019 ENSG0000009

7265 GTF2E2 -2,779 3,76E-02 1879 ANGPT2 8,65 2,86E-16
ENSG0000004 ENSG0000012

9768 FOXP3 -2,778 3,76E-02 4787 RPP40 8,663 2,57E-16
ENSG0000014 ENSG0000020

7130 ZMYM3 -2,776 3,78E-02 5250 E2F4 8,664 2,57E-16
ENSG0000013 ENSG0000014

1873 CHSY1 -2,774 3,79E-02 1622 RNF165 8,667 2,52E-16
ENSG0000017 ENSG0000016

4136 RGMB -2,774 3,80E-02 3481 RNF25 8,667 2,52E-16
ENSG0000027 ENSG0000016

4582 SNORA16A -2,772 3,81E-02 7994 RAB3IL1 8,683 2,21E-16
ENSG0000006 ENSG0000013

5882 TBC1D1 -2,771 3,82E-02 5097 MSI1 8,688 2,13E-16
ENSG0000012 ENSG0000025

6214 KLC1 -2,771 3,82E-02 8701 LINC00638 8,695 2,02E-16
ENSG0000018 ENSG0000013

0357 ZNF609 -2,77 3,82E-02 3138 TBC1D8B 8,699 1,96E-16
ENSG0000016 ENSG0000010

3512 AZI2 -2,769 3,83E-02 3978 TMEM87A 8,714 1,72E-16
ENSG0000014 ENSG0000009

0307 GTF2A2 -2,767 3,85E-02 0975 PITPNM2 8,733 1,46E-16
ENSG0000010 ENSG0000016

1290 CDS2 -2,767 3,85E-02 8505 GBX2 8,767 1,09E-16
ENSG0000018 ENSG0000021 | KANSL1-

9067 LITAF -2,758 3,95E-02 4401 AS1 8,773 1,04E-16
ENSG0000017 ENSG0000022

9869 ABCA13 -2,754 3,99E-02 1303 SNORA79 8,793 8,85E-17
ENSG0000013 ENSG0000015

8459 SLC35A5 -2,753 3,99E-02 3814 JAZF1 8,795 8,69E-17
ENSG0000014 ENSG0000016

8840 PPRC1 -2,753 3,99E-02 2086 ZNF75A 8,803 8,12E-17
ENSG0000018 ENSG0000022

3091 NEB -2,751 4,00E-02 4940 PRRT4 8,805 8,03E-17
ENSG0000010 ENSG0000018

7807 TLX1 -2,751 4,00E-02 6451 SPATA12 8,808 7,87E-17
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ENSG0000014 ENSG0000016
6859 TMEM140 -2,746 4,05E-02 9891 REPS2 8,82 7,09E-17
ENSG0000013 ENSG0000014
9187 KLRG1 -2,746 4,05E-02 0463 BBS4 8,839 6,10E-17
ENSG0000012 ENSG0000016
7334 DYRK2 -2,746 4,05E-02 5806 CASP7 8,839 6,10E-17
ENSG0000015 ENSG0000020
2192 POU4F1 -2,746 4,05E-02 6559 ZCWPW2 8,854 5,36E-17
ENSG0000013 ENSG0000010
6485 DCAF7 -2,741 4,10E-02 2543 CDADC1 8,856 5,31E-17
ENSG0000017 ENSG0000015
3110 HSPA6 -2,741 4,11E-02 3551 CMTM7 8,898 3,68E-17
ENSG0000014 ENSG0000000
0988 RPS2 -2,736 4,15E-02 8256 CYTH3 8,924 2,96E-17
ENSG0000013 ENSG0000015
7876 RSL24D1 -2,736 4,15E-02 1746 BICD1 8,933 2,74E-17
ENSG0000014 ENSG0000016
8459 PDSS1 -2,734 4,17E-02 7772 ANGPTL4 8,956 2,27E-17
ENSG0000011 ENSG0000002
5446 UNC50 -2,732 4,18E-02 6103 FAS 8,964 2,11E-17
ENSG0000020 ENSG0000000
4147 ASAH2B -2,725 4,27E-02 8513 ST3GAL1 8,968 2,05E-17
ENSG0000025 ENSG0000019
7923 CUX1 -2,72 4,33E-02 7961 ZNF121 8,978 1,87E-17
ENSG0000014 ENSG0000013
4648 CCBP2 -2,717 4,36E-02 4326 CMPK2 8,981 1,84E-17
ENSG0000013 ENSG0000018
2464 ENAM -2,717 4,36E-02 2240 BACE2 8,983 1,82E-17
ENSG0000012 ENSG0000013
9214 SHBG -2,717 4,36E-02 8172 CALHM2 8,984 1,81E-17
ENSG0000018 ENSG0000015
0305 WFDC10A -2,717 4,36E-02 2256 PDK1 8,999 1,60E-17
ENSG0000000 ENSG0000018
0460 Clorf112 -2,717 4,36E-02 3762 KREMEN1 9,047 1,07E-17
ENSG0000017 ENSG0000000
1421 MRPL36 -2,715 4,38E-02 9307 CSDE1 9,051 1,03E-17
ENSG0000019 ENSG0000008
7818 SLC9A8 -2,713 4,40E-02 3828 ZNF586 9,058 9,79E-18
ENSG0000014 ENSG0000011
3418 CERS2 -2,713 4,40E-02 7153 KLHL12 9,066 9,17E-18
ENSG0000018 ENSG0000010
2853 VMO1 -2,711 4,41E-02 5369 CD79A 9,084 7,81E-18
ENSG0000017 ENSG0000017
6222 ZNF404 -2,711 4,41E-02 4446 SNAPC5 9,09 7,48E-18
ENSG0000011 ENSG0000016
1247 RAD51AP1 -2,708 4,44E-02 2591 MEGF6 9,092 7,36E-18
ENSG0000015 ENSG0000025
1304 SRFBP1 -2,708 4,44E-02 8890 CEP95 9,097 7,11E-18
ENSG0000013 ENSG0000015
7074 APTX -2,707 4,45E-02 5016 CYpP2U1 9,097 7,11E-18
ENSG0000014 ENSG0000009
8935 GAS2 -2,705 4,46E-02 9994 SUSD2 9,101 6,95E-18
ENSG0000001 ENSG0000013
1677 GABRA3 -2,705 4,46E-02 4504 KCTD1 9,116 6,08E-18
ENSG0000015 ENSG0000018
5961 RAB39B -2,705 4,46E-02 0340 FZD2 9,136 5,10E-18
ENSG0000011 ENSG0000015
2365 ZBTB24 -2,701 4,50E-02 2284 TCF7L1 9,162 4,04E-18
ENSG0000017 ENSG0000008
5274 TP53111 -2,7 4,50E-02 8305 DNMT3B 9,186 3,29E-18
ENSG0000015 ENSG0000018
7214 STEAP2 -2,7 4,50E-02 4254 ALDH1A3 9,196 3,01E-18
ENSG0000016 ENSG0000018
4620 RELL2 -2,7 4,50E-02 5055 EFCAB10 9,202 2,88E-18
ENSG0000010 ENSG0000024
2265 TIMP1 -2,692 4,59E-02 9992 TMEM158 9,264 1,66E-18
ENSG0000007 ENSG0000010
2274 TFRC -2,691 4,60E-02 0604 CHGA 9,277 1,47E-18
ENSG0000010 | ZNF174 -2,689 4,62E-02 ENSG0000016 | AK4 9,3 1,19E-18
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ENSG0000015 ENSG0000002
4274 C4orf19 -2,689 4,62E-02 1762 OSBPL5 9,312 1,07E-18
ENSG0000012 ENSG0000019
6787 DLGAP5 -2,685 4,67E-02 8824 CHAMP1 9,347 7,81E-19
ENSG0000011 ENSG0000016
6922 C1orf109 -2,684 4,68E-02 5006 UBAP1 9,448 3,06E-19
ENSG0000013 ENSG0000018
5116 HRK -2,681 4,72E-02 2771 GRID1 9,457 2,81E-19
ENSG0000011 ENSG0000015
4248 LRRC31 -2,679 4,74E-02 9433 STARD9 9,478 2,32E-19
ENSG0000002 ENSG0000010
9559 IBSP -2,679 4,74E-02 0714 MTHFD1 9,487 2,14E-19
ENSG0000020 ENSG0000023 | MAPKAPKS5-
3907 OOEP -2,679 4,74E-02 4608 AS1 9,625 5,88E-20
ENSG0000016 ENSG0000006
1270 NPHS1 -2,679 4,74E-02 8745 1P6K2 9,692 3,12E-20
ENSG0000013 ENSG0000018
0764 LRRC47 -2,678 4,75E-02 7372 PCDHB13 9,752 1,75E-20
ENSG0000018 ENSG0000010
8833 ENTPD8 -2,675 4,78E-02 2924 CBLN1 9,795 1,17E-20
ENSG0000020 ENSG0000008
4983 PRSS1 -2,674 4,79E-02 4710 EFR3B 9,807 1,04E-20
ENSG0000011 ENSG0000015
6183 PAPPA2 -2,672 4,81E-02 0712 MTMR12 9,866 5,90E-21
ENSG0000016 ENSG0000010
4266 SPINK1 -2,672 4,81E-02 7521 HPS1 9,91 3,81E-21
ENSG0000018 ENSG0000021
7546 AGMO -2,672 4,81E-02 7555 CKLF 9,918 3,567E-21
ENSG0000018 ENSG0000006
5681 MORNS -2,672 4,81E-02 0237 WNK1 9,947 2,69E-21
ENSG0000014 ENSG0000007
2039 CCDC97 -2,671 4,82E-02 3060 SCARB1 9,987 1,84E-21
ENSG0000014 ENSG0000014
3751 SDE2 -2,671 4,82E-02 7676 MAL2 10,107 5,57E-22
ENSG0000007 ENSG0000012
1859 FAM50A -2,668 4,86E-02 4786 SLC35B3 10,108 5,55E-22
ENSG0000013 ENSG0000012
4508 CABLES1 -2,666 4,89E-02 5630 POLR1B 10,154 3,53E-22
ENSG0000012 ENSG0000016
8016 ZFP36 -2,663 4,92E-02 7657 DAPK3 10,265 1,15E-22
ENSG0000013 ENSG0000011
6986 DERL1 -2,663 4,92E-02 9977 TCTN3 10,392 3,17E-23
ENSG0000013 ENSG0000013
5631 RAB11FIP5 -2,659 4,94E-02 0479 MAP1S 10,667 1,77E-24
ENSG0000022 ENSG0000017
6742 HSBP1L1 -2,659 4,95E-02 0852 KBTBD2 10,679 1,56E-24
ENSG0000003 ENSG0000016
3800 PIAS1 -2,657 4,97E-02 4252 AGGF1 10,841 2,74E-25
ENSG0000008
0189 SLC35C2 11,164 8,16E-27
ENSG0000006
5665 SEC61A2 11,185 6,48E-27
ENSG0000019
7375 SLC22A5 11,187 6,45E-27
ENSG0000014
3554 SLC27A3 11,187 6,45E-27
ENSG0000016
0714 UBE2Q1 11,213 4,88E-27
ENSG0000017
7700 POLR2L 11,276 2,42E-27
ENSG0000016
2928 PEX13 11,331 1,31E-27
ENSG0000002
5772 TOMM34 11,477 2,49E-28
ENSG0000009
1947 TMEM101 11,481 2,40E-28
ENSG0000012
1892 PDS5A 11,544 1,21E-28
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ENSG0000016

5195 PIGA 11,571 8,95E-29
ENSG0000018
4178 SCFD2 11,582 7,95E-29
ENSG0000007
0882 OSBPL3 11,609 5,87E-29
ENSG0000009
7007 ABL1 11,678 2,67E-29
ENSG0000018
0667 YOD1 11,804 6,31E-30
ENSG0000014
9313 AASDHPPT 12,111 1,63E-31
ENSG0000015
2457 DCLRE1C 12,134 1,28E-31
ENSG0000008
4652 TXLNA 12,291 1,89E-32
ENSG0000010
9576 AADAT 12,433 3,37E-33
ENSG0000015
7869 RAB28 12,524 1,09E-33
ENSG0000013
6240 KDELR2 12,542 8,87E-34
ENSG0000011
5170 ACVR1 12,649 2,30E-34
ENSG0000021
3246 SUPT4H1 12,692 1,37E-34
ENSG0000016
3605 PPP4R2 12,81 3,24E-35
ENSG0000013
0810 PPAN 13,18 2,74E-37
ENSG0000014
6535 GNA12 13,258 1,01E-37
ENSG0000010
5700 KXD1 13,588 1,28E-39
ENSG0000004
8828 FAM120A 13,677 3,93E-40
ENSG0000013
0382 MLLT1 13,743 1,68E-40
ENSG0000006
7334 DNTTIP2 13,917 1,53E-41
ENSG0000013
8814 PPP3CA 14,182 3,69E-43
ENSG0000017
1953 ATPAF2 14,408 1,48E-44
ENSG0000012
2643 NT5C3 14,638 5,72E-46
ENSG0000012
3505 AMD1 14,664 4,11E-46
ENSG0000013
4779 TPGS2 14,767 9,14E-47
ENSG0000018
2871 COL18A1 14,791 6,60E-47
ENSG0000016
9241 SLC50A1 15,354 1,45E-50
ENSG0000015
3561 RMND5A 15,525 1,17E-51
ENSG0000000
7402 CACNA2D2 15,902 3,75E-54
ENSG0000018
0921 FAM83H 16,094 1,89E-55
ENSG0000013
4138 MEIS2 16,44 7,40E-58
ENSG0000011
9402 FBXW2 16,526 2,02E-58
ENSG0000010
6344 RBM28 16,548 1,48E-58
ENSG0000013
7275 RIPK1 16,834 1,33E-60
ENSG0000014 | EFHD2 17,185 3,88E-63




2634

ENSG0000000

7923 DNAJC11 17,667 1,02E-66
ENSG0000014

6457 WTAP 17,702 6,07E-67
ENSG0000016

0211 G6PD 19,658 1,11E-82
ENSG0000018

2512 GLRX5 21,023 1,08E-94
ENSG0000018

2199 SHMT2 22,955 8,88E-113
ENSG0000007

2501 SMC1A 23,777 7,85E-121

Table S 6: List of genes that are differentially regulated between QGP1 cells treated with the

mMTOR inhibitors everolimus and temsirolimus and the control.

For simplified evaluation, the control group included wild-type QGP1 cells and QGP1 treated with

DMSO, while the inhibitor group included QGP1 cells that were treated with 1 uM everolimus and

temsirolimus for 72 hours. The genes were determined using the DESeq2 package. All genes with

Benjamin Hochberg adjusted p-value (padj) < 0.05 were included. The data are represented as Wald-

statistic (stat). Genes with negative Wald-statistic values are down-regulated in QGP1 cells treated

with mTOR inhibitors compared to the control group.

Wald — statistic =

log2FoldChange

standard error of log2FoldChange

Ensembl_ Gene_ Stat_ padj_ Ensembl_ID Gene_ Stat_control_ | padj_control_
ID symbol control_ | control_ symbol inhibitor inhibitor
inhibitor | inhibitor

ENSG00000182512 | GLRX5 -23,475 | 9,83E-118 ENSG00000185627 | PSMD13 2,824 4,95E-02
ENSG00000140859 | KIFC3 -17,967 | 7,80E-69 ENSG00000122778 | KIAA1549 2,834 4,80E-02
ENSG00000247077 | PGAM5 -17,872 | 3,30E-68 ENSG00000028116 | VRK2 2,844 4,67E-02
ENSG00000087365 | SF3B2 -17,676 | 9,60E-67 ENSG00000067704 | IARS2 2,845 4,66E-02
ENSG00000067334 | DNTTIP2 -17,571 | 5,52E-66 ENSG00000013810 | TACC3 2,846 4,65E-02
ENSG00000142669 | SH3BGRL3 -17,419 | 7,26E-65 ENSG00000232838 | CSRP2BP 2,856 4,52E-02
ENSG00000106344 | RBM28 -15,688 | 1,53E-52 ENSG00000157426 | AASDH 2,86 4,47E-02
ENSG00000136522 | MRPL47 -15,335 | 3,36E-50 ENSG00000165861 | ZFYVE1 2,866 4,40E-02
ENSG00000140263 | SORD -15,315 | 4,33E-50 ENSG00000142657 | PGD 2,87 4,35E-02
ENSG00000153187 | HNRNPU -14,665 | 6,36E-46 ENSG00000130764 | LRRC47 2,875 4,28E-02
ENSG00000135698 | MPHOSPH6 -14,476 | 9,60E-45 ENSG00000128951 | DUT 2,884 4,18E-02
ENSG00000137054 | POLR1E -14,42 | 2,09E-44 ENSG00000047644 | WWC3 2,887 4,14E-02
ENSG00000113141 | IK -14,106 | 1,73E-42 ENSG00000145247 | OCIAD2 2,891 4,09E-02
ENSG00000178234 | GALNT11 -13,418 | 2,07E-38 ENSG00000164104 | HMGB2 2,894 4,06E-02
ENSG00000121390 | PSPC1 -13,119 | 1,05E-36 ENSG00000109576 | AADAT 2,902 3,97E-02
ENSG00000111605 | CPSF6 -13,039 | 2,92E-36 ENSG00000088002 | SULT2B1 2,91 3,88E-02
ENSG00000162231 | NXF1 -12,879 | 2,05E-35 ENSG00000174705 | SH3PXD2B 2,919 3,80E-02
ENSG00000107371 | EXOSC3 -12,111 | 2,66E-31 ENSG00000213853 | EMP2 2,921 3,78E-02
ENSG00000096384 | HSP90AB1 -12,047 | 5,62E-31 ENSG00000140365 | COMMD4 2,922 3,77E-02
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ENSG00000183207 | RUVBL2 -11,9 | 3,11E-30 ENSG00000124228 | DDX27 2,922 3,77E-02
ENSG00000108588 | CCDC47 -11,537 | 2,11E-28 ENSG00000161800 | RACGAP1 2,925 3,74E-02
ENSG00000133983 | COX16 -11,523 | 2,43E-28 ENSG00000101849 | TBL1X 2,928 3,70E-02
ENSG00000104472 | CHRAC1 -11,279 | 3,82E-27 ENSG00000078140 | UBE2K 2,946 3,50E-02
ENSG00000170779 | CDCA4 -11,195 | 9,39E-27 ENSG00000163482 | STK36 2,956 3,40E-02
ENSG00000089220 | PEBP1 -11,146 | 1,61E-26 ENSG00000136237 | RAPGEF5 2,959 3,37E-02
ENSG00000105618 | PRPF31 -10,949 | 1,32E-25 ENSG00000159352 | PSMD4 2,966 3,30E-02
ENSG00000110321 | EIF4G2 -10,9 | 2,25E-25 ENSG00000122643 | NT5C3 2,966 3,30E-02
ENSG00000174799 | CEP135 -10,878 | 2,81E-25 ENSG00000141994 | DUS3L 2,968 3,28E-02
ENSG00000136527 | TRA2B -10,737 | 1,26E-24 ENSG00000105223 | PLD3 2,969 3,27E-02
ENSG00000115053 | NCL -10,73 | 1,33E-24 ENSG00000258102 | MAP1LC3B2 2,969 3,27E-02
ENSG00000184220 | CMSS1 -10,675 | 2,37E-24 ENSG00000138670 | RASGEF1B 2,97 3,27E-02
ENSG00000245680 | ZNF585B -10,584 | 6,18E-24 ENSG00000146070 | PLA2G7 2,979 3,18E-02
ENSG00000101193 | GID8 -10,385 | 4,75E-23 ENSG00000091483 | FH 2,98 3,17E-02
ENSG00000179041 | RRS1 -10,335 | 7,86E-23 ENSG00000188681 | TEKT4P2 2,994 3,04E-02
ENSG00000012660 | ELOVLS -10,22 | 2,49E-22 ENSG00000186432 | KPNA4 2,996 3,03E-02
ENSG00000133606 | MKRN1 -10,179 | 3,78E-22 ENSG00000109458 | GAB1 3,022 2,80E-02
ENSG00000161888 | SPC24 -9,887 | 6,63E-21 ENSG00000128394 | APOBEC3F 3,027 2,76E-02
ENSG00000108384 | RAD51C -9,787 | 1,77E-20 ENSG00000184207 | PGP 3,031 2,73E-02
ENSG00000104518 | GSDMD -9,758 | 2,35E-20 ENSG00000159147 | DONSON 3,04 2,65E-02
ENSG00000196428 | TSC22D2 -9,73 | 3,01E-20 ENSG00000143919 | CAMKMT 3,041 2,65E-02
ENSG00000196653 | ZNF502 -9,715 | 3,48E-20 ENSG00000183684 | ALYREF 3,041 2,65E-02
ENSG00000203761 | MSTO2P -9,613 | 9,04E-20 ENSG00000164687 | FABPS 3,055 2,54E-02
ENSG00000180535 | BHLHA15 -9,587 | 1,13E-19 ENSG00000136271 | DDX56 3,056 2,53E-02
ENSG00000187147 | RNF220 -9,546 | 1,67E-19 ENSG00000105419 | MEIS3 3,058 2,51E-02
ENSG00000008311 | AASS -9,534 | 1,84E-19 ENSG00000143061 | IGSF3 3,067 2,45E-02
ENSG00000029363 | BCLAF1 -9,525 | 1,97E-19 ENSG00000197296 | FITM2 3,068 2,44E-02
ENSG00000196504 | PRPF40A -9,516 | 2,12E-19 ENSG00000013563 | DNASE1L1 3,077 2,37E-02
ENSG00000145029 | NICN1 -9,513 | 2,14E-19 ENSG00000198026 | ZNF335 3,084 2,32E-02
ENSG00000085465 | OVGP1 -9,502 | 2,37E-19 ENSG00000163848 | ZNF148 3,096 2,24E-02
ENSG00000205250 | E2F4 -9,501 | 2,38E-19 ENSG00000155621 | C9orf85 3,114 2,12E-02
ENSG00000171435 | KSR2 -9,404 | 5,70E-19 ENSG00000156876 | SASS6 3,118 2,09E-02
ENSG00000162104 | ADCY9 -9,389 | 6,54E-19 ENSG00000131061 | ZNF341 3,127 2,03E-02
ENSG00000110628 | SLC22A18 -9,329 | 1,12E-18 ENSG00000077585 | GPR137B 3,132 2,00E-02
ENSG00000165309 | ARMC3 -9,31| 1,32E-18 ENSG00000136153 | LMO7 3,133 2,00E-02
ENSG00000179981 | TSHZ1 -9,304 | 1,38E-18 ENSG00000177076 | ACER2 3,149 1,90E-02
ENSG00000160862 | AZGP1 -9,287 | 1,60E-18 ENSG00000184967 | NOCAL 3,171 1,77E-02
ENSG00000198879 | SFMBT2 -9,278 | 1,71E-18 ENSG00000145386 | CCNA2 3,182 1,70E-02
ENSG00000151715 | TMEM45B -9,259 | 2,02E-18 ENSG00000187514 | PTMA 3,196 1,63E-02
ENSG00000215908 | CROCCP2 -9,249 | 2,18E-18 ENSG00000130311 | DDA1 3,224 1,48E-02
ENSG00000272674 | PCDHB16 -9,248 | 2,18E-18 ENSG00000112874 | NUDT12 3,232 1,45E-02
ENSG00000114423 | CBLB -9,242 | 2,28E-18 ENSG00000170348 | TMED10 3,232 1,45E-02
ENSG00000148082 | SHC3 -9,238 | 2,34E-18 ENSG00000186283 | TOR3A 3,24 1,41E-02
ENSG00000114631 | PODXL2 -9,233 | 2,45E-18 ENSG00000032219 | ARID4A 3,249 1,37E-02
ENSG00000125775 | SDCBP2 -9,22 | 2,68E-18 ENSG00000118162 | KPTN 3,258 1,33E-02
ENSG00000129946 | SHC2 -9,219 | 2,70E-18 ENSG00000081087 | OSTM1 3,28 1,24E-02
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ENSG00000183018 | SPNS2 -9,215 | 2,77E-18 ENSG00000101412 | E2F1 3,281 1,23E-02
ENSG00000137825 | ITPKA -9,212 | 2,81E-18 ENSG00000239306 | RBM14 3,285 1,22E-02
ENSG00000175175 | PPM1E -9,212 | 2,81E-18 ENSG00000116014 | KISS1R 3,288 1,21E-02
ENSG00000178538 | CA8 -9,202 | 3,04E-18 ENSG00000198912 | Clorf174 3,298 1,16E-02
ENSG00000197479 | PCDHB11 -9,201 | 3,05E-18 ENSG00000103494 | RPGRIP1L 3,31 1,12E-02
ENSG00000143344 | RGL1 -9,18 | 3,59E-18 ENSG00000083844 | ZNF264 3,312 1,11E-02
ENSG00000033327 | GAB2 -9,179 | 3,59E-18 ENSG00000182004 | SNRPE 3,32 1,08E-02
ENSG00000166503 | HDGFRP3 -9,172 | 3,80E-18 ENSG00000122390 | NAA6O 3,33 1,05E-02
ENSG00000130600 | H19 -9,148 | 4,64E-18 ENSG00000090924 | PLEKHG2 3,356 9,56E-03
ENSG00000106258 | CYP3A5 -9,144 | 4,78E-18 ENSG00000068354 | TBC1D25 3,368 9,19E-03
ENSG00000162613 | FUBP1 -9,143 | 4,78E-18 ENSG00000025039 | RRAGD 3,371 9,14E-03
ENSG00000089127 | OAS1 -9,142 | 4,81E-18 ENSG00000009954 | BAZ1B 3,372 9,11E-03
ENSG00000075340 | ADD2 -9,138 | 4,95E-18 ENSG00000177732 | SOX12 3,373 9,08E-03
ENSG00000162591 | MEGF6 -9,114 | 5,89E-18 ENSG00000184792 | OSBP2 3,387 8,62E-03
ENSG00000161328 | LRRC56 -9,113 | 5,92E-18 ENSG00000110074 | FOXRED1 3,388 8,61E-03
ENSG00000205356 | TECPR1 -9,109 | 6,12E-18 ENSG00000165501 | LRR1 3,394 8,43E-03
ENSG00000152926 | ZNF117 -9,096 | 6,81E-18 ENSG00000117697 | NSL1 3,395 8,41E-03
ENSG00000198001 | IRAK4 -9,085 | 7,42E-18 ENSG00000109854 | HTATIP2 3,414 7,87E-03
ENSG00000246705 | H2AF) -9,075 | 8,06E-18 ENSG00000181450 | ZNF678 3,418 7,75E-03
ENSG00000076003 | MCM6 -9,033 | 1,14E-17 ENSG00000126458 | RRAS 3,438 7,24E-03
ENSG00000101605 | MYOM1 -9,031 | 1,16E-17 ENSG00000127124 | HIVEP3 3,447 7,00E-03
ENSG00000206535 | LNP1 -9,016 | 1,33E-17 ENSG00000070950 | RAD18 3,453 6,85E-03
ENSG00000060982 | BCAT1 -8,997 | 1,56E-17 ENSG00000014824 | SLC30A9 3,487 6,09E-03
ENSG00000185442 | FAM174B -8,994 | 1,59E-17 ENSG00000143545 | RAB13 3,505 5,71E-03
ENSG00000181031 | RPH3AL -8,966 | 1,99E-17 ENSG00000185246 | PRPF39 3,51 5,61E-03
ENSG00000157654 | PALM2 -8,963 | 2,05E-17 ENSG00000040275 | SPDL1 3,514 5,54E-03
ENSG00000089199 | CHGB -8,959 | 2,11E-17 ENSG00000160214 | RRP1 3,525 5,33E-03
ENSG00000203668 | CHML -8,959 | 2,11E-17 ENSG00000153774 | CFDP1 3,547 4,92E-03
ENSG00000222009 | BTBD19 -8,955 | 2,17E-17 ENSG00000154719 | MRPL39 3,557 4,74E-03
ENSG00000176714 | CCDC121 -8,949 | 2,28E-17 ENSG00000125952 | MAX 3,575 4,45E-03
ENSG00000065534 | MYLK -8,913 | 3,08E-17 ENSG00000156675 | RAB11FIP1 3,579 4,38E-03
ENSG00000155093 | PTPRN2 -8,889 | 3,76E-17 ENSG00000049541 | RFC2 3,601 4,04E-03
ENSG00000260456 | C160rf95 -8,876 | 4,17E-17 ENSG00000149929 | HIRIP3 3,609 3,92E-03
ENSG00000100505 | TRIMS -8,875 | 4,19E-17 ENSG00000185829 | ARL17B 3,61 3,92E-03
ENSG00000130294 | KIF1A -8,874 | 4,22E-17 ENSG00000089063 | TMEM230 3,644 3,45E-03
ENSG00000172803 | SNX32 -8,868 | 4,41E-17 ENSG00000155592 | ZKSCAN2 3,652 3,35E-03
ENSG00000166997 | CNPY4 -8,849 | 5,14E-17 ENSG00000130699 | TAF4 3,664 3,21E-03
ENSG00000198133 | TMEM229B -8,827 | 6,16E-17 ENSG00000108474 | PIGL 3,682 2,99E-03
ENSG00000106541 | AGR2 -8,799 | 7,86E-17 ENSG00000100714 | MTHFD1 3,714 2,64E-03
ENSG00000157064 | NMNAT2 -8,783 | 8,84E-17 ENSG00000105649 | RAB3A 3,732 2,46E-03
ENSG00000099337 | KCNK6 -8,773 | 9,59E-17 ENSG00000241058 | NSUN6 3,758 2,23E-03
ENSG00000111704 | NANOG -8,772 | 9,61E-17 ENSG00000060642 | PIGV 3,762 2,19E-03
ENSG00000183077 | AFMID -8,757 | 1,08E-16 ENSG00000120519 | SLC10A7 3,788 1,99E-03
ENSG00000237004 | ZNRF2P1 -8,748 | 1,16E-16 ENSG00000135503 | ACVR1B 3,796 1,92E-03
ENSG00000155265 | GOLGA7B -8,746 | 1,17E-16 ENSG00000111912 | NCOA7 3,805 1,86E-03
ENSG00000010310 | GIPR -8,746 | 1,17E-16 ENSG00000215193 | PEX26 3,817 1,77E-03
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ENSG00000160180 | TFF3 -8,719 | 1,47E-16 ENSG00000221909 | FAM200A 3,851 1,55E-03
ENSG00000169752 | NRG4 -8,718 | 1,48E-16 ENSG00000162736 | NCSTN 3,882 1,37E-03
ENSG00000235169 | SMIM1 -8,717 | 1,49E-16 ENSG00000120437 | ACAT2 3,949 1,04E-03
ENSG00000244694 | PTCHD4 -8,707 | 1,62E-16 ENSG00000183864 | TOB2 3,965 9,76E-04
ENSG00000174871 | CNIH2 -8,701 | 1,69E-16 ENSG00000133111 | RFXAP 3,984 9,03E-04
ENSG00000105499 | PLA2G4AC -8,692 | 1,81E-16 ENSG00000240053 | LY6BG5B 4,025 7,60E-04
ENSG00000134668 | SPOCD1 -8,685 | 1,93E-16 ENSG00000197226 | TBC1D9B 4,066 6,41E-04
ENSG00000018236 | CNTN1 -8,682 | 1,97E-16 ENSG00000132330 | SCLY 4,071 6,28E-04
ENSG00000134285 | FKBP11 -8,677 | 2,03E-16 ENSG00000183891 | TTC32 4,089 5,81E-04
ENSG00000134780 | DAGLA -8,676 | 2,04E-16 ENSG00000072501 | SMC1A 4,104 5,46E-04
ENSG00000123191 | ATP7B -8,668 | 2,16E-16 ENSG00000136450 | SRSF1 4,107 5,39E-04
ENSG00000164663 | USP49 -8,661 | 2,28E-16 ENSG00000157570 | TSPAN18 4,207 3,49E-04
ENSG00000132872 | SYT4 -8,666 | 2,37E-16 ENSG00000175756 | AURKAIP1 4,236 3,08E-04
ENSG00000257702 | LBX2-AS1 -8,652 | 2,45E-16 ENSG00000143183 | TMCO1 4,293 2,38E-04
ENSG00000183067 | IGSF5 -8,652 | 2,45E-16 ENSG00000100379 | KCTD17 4,313 2,18E-04
ENSG00000132383 | RPA1 -8,636 | 2,80E-16 ENSG00000186638 | KIF24 4,35 1,85E-04
ENSG00000181444 | ZNF467 -8,618 | 3,22E-16 ENSG00000187024 | PTRH1 4,367 1,71E-04
ENSG00000198346 | ZNF813 -8,608 | 3,49E-16 ENSG00000144452 | ABCA12 4,434 1,26E-04
ENSG00000159307 | SCUBE1 -8,608 | 3,49E-16 ENSG00000100170 | SLC5A1 4,503 9,12E-05
ENSG00000121895 | TMEM156 -8,589 | 4,10E-16 ENSG00000012822 | CALCOCO1 4,514 8,70E-05
ENSG00000126705 | AHDC1 -8,586 | 4,19E-16 ENSG00000168461 | RAB31 4,651 4,54E-05
ENSG00000196782 | MAML3 -8,568 | 4,85E-16 ENSG00000134809 | TIMM10 4,665 4,24E-05
ENSG00000169856 | ONECUT1 -8,545 | 5,83E-16 ENSG00000076067 | RBMS2 4,68 3,96E-05
ENSG00000137075 | RNF38 -8,537 | 6,24E-16 ENSG00000186765 | FSCN2 4,753 2,77E-05
ENSG00000204977 | TRIM13 -8,536 | 6,27E-16 ENSG00000104738 | MCM4 4,791 2,29E-05
ENSG00000117461 | PIK3R3 -8,533 | 6,38E-16 ENSG00000120899 | PTK2B 4,968 9,46E-06
ENSG00000129654 | FOXJ1 -8,513 | 7,48E-16 ENSG00000128510 | CPA4 4,977 9,03E-06
ENSG00000168291 | PDHB -8,51 | 7,65E-16 ENSG00000162733 | DDR2 5,105 4,64E-06
ENSG00000189157 | FAM47E -8,503 | 8,07E-16 ENSG00000106617 | PRKAG2 5,187 3,00E-06
ENSG00000181513 | ACBD4 -8,456 | 1,19E-15 ENSG00000087085 | ACHE 5,195 2,89E-06
ENSG00000129990 | SYT5 -8,454 | 1,21E-15 ENSG00000175868 | CALCB 5,196 2,88E-06
ENSG00000250510 | GPR162 -8,448 | 1,27E-15 ENSG00000101306 | MYLK2 5,198 2,85E-06
ENSG00000145335 | SNCA -8,444 | 1,30E-15 ENSG00000248334 | WHAMMP2 5,199 2,84E-06
ENSG00000231752 | EMBP1 -8,431 | 1,44E-15 ENSG00000025434 | NR1H3 5,2 2,83E-06
ENSG00000087076 | HSD17B14 -8,426 | 1,49E-15 ENSG00000240288 | GHRLOS 5,202 2,80E-06
ENSG00000160298 | C210rf58 -8,42 | 1,57E-15 ENSG00000185129 | PURA 5,204 2,78E-06
ENSG00000061656 | SPAG4 -8,385 | 2,09E-15 ENSG00000197312 | DDI2 5,204 2,78E-06
ENSG00000123364 | HOXC13 -8,383 | 2,13E-15 ENSG00000188095 | MESP2 5,204 2,78E-06
ENSG00000253910 | PCDHGB2 -8,381 | 2,16E-15 ENSG00000160781 | PAQR6 5,205 2,77E-06
ENSG00000164611 | PTTG1 -8,363 | 2,48E-15 ENSG00000087510 | TFAP2C 5,206 2,75E-06
ENSG00000063587 | ZNF275 -8,354 | 2,68E-15 ENSG00000117016 | RIMS3 5,209 2,72E-06
ENSG00000079974 | RABL2A -8,331 | 3,24E-15 ENSG00000084628 | NKAIN1 5,214 2,66E-06
ENSG00000116147 | TNR -8,289 | 4,55E-15 ENSG00000180902 | D2HGDH 5,217 2,63E-06
ENSG00000175938 | ORAI3 -8,25 | 6,24E-15 ENSG00000112293 | GPLD1 5,219 2,60E-06
ENSG00000104863 | LIN7B -8,226 | 7,51E-15 ENSG00000196233 | LCOR 5,224 2,55E-06
ENSG00000240445 | FOXO3B -8,203 | 9,09E-15 ENSG00000259581 | TYRO3P 5,224 2,55E-06
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ENSG00000124743 | KLHL31 -8,195 | 9,72E-15 ENSG00000198561 | CTNND1 5,243 2,32E-06
ENSG00000162194 | C110rf48 -8,154 | 1,35E-14 ENSG00000224420 | ADM5 5,251 2,23E-06
ENSG00000143850 | PLEKHA6 -8,128 | 1,67E-14 ENSG00000172172 | MRPL13 5,255 2,19E-06
ENSG00000108786 | HSD17B1 -8,125 | 1,71E-14 ENSG00000159640 | ACE 5,264 2,09E-06
ENSG00000111215 | PRR4 -8,113 | 1,88E-14 ENSG00000277161 | PIGW 5,27 2,02E-06
ENSG00000037757 | MRI1 -8,07 | 2,66E-14 ENSG00000176401 | EID2B 5,285 1,88E-06
ENSG00000027869 | SH2D2A -8,058 | 2,92E-14 ENSG00000161958 | FGF11 5,287 1,87E-06
ENSG00000076351 | SLC46A1 -8,054 | 3,00E-14 ENSG00000088881 | EBF4 5,291 1,82E-06
ENSG00000076770 | MBNL3 -8,027 | 3,72E-14 ENSG00000163352 | LENEP 5,312 1,64E-06
ENSG00000185565 | LSAMP -8,014 | 4,14E-14 ENSG00000145911 | N4BP3 5,312 1,64E-06
ENSG00000256061 | DYX1C1 -8,004 | 4,44E-14 ENSG00000148200 | NR6A1 5,312 1,64E-06
ENSG00000128408 | RIBC2 -8,002 | 4,52E-14 ENSG00000206622 | SNORAG9 5,312 1,64E-06
ENSG00000124613 | ZNF391 -7,998 | 4,66E-14 ENSG00000205133 | TRIQK 5,324 1,55E-06
ENSG00000132669 | RIN2 -7,955 | 6,57E-14 ENSG00000109089 | CDR2L 5,337 1,44E-06
ENSG00000198039 | ZNF273 -7,943 | 7,21E-14 ENSG00000181315 | ZNF322 5,358 1,29E-06
ENSG00000101460 | MAP1LC3A -7,911| 9,18E-14 ENSG00000135736 | CCDC102A 5,361 1,27E-06
ENSG00000167202 | TBC1D2B -7,877 | 1,20E-13 ENSG00000067365 | METTL22 5,401 1,02E-06
ENSG00000197172 | MAGEA6 -7,832 | 1,70E-13 ENSG00000015153 | YAF2 5,403 1,02E-06
ENSG00000263001 | GTF2I -7,822 | 1,83E-13 ENSG00000185379 | RAD51D 5,414 9,59E-07
ENSG00000146083 | RNF44 -7,805 | 2,09E-13 ENSG00000198960 | ARMCX6 5,422 9,19E-07
ENSG00000201643 | SNORA14A -7,785 | 2,43E-13 ENSG00000170291 | ELP5 5,43 8,79E-07
ENSG00000204149 | AGAP6 -7,731| 3,69E-13 ENSG00000180596 | HISTIH2BE 5,459 7,50E-07
ENSG00000196419 | XRCC6 -7,714 | 4,17E-13 ENSG00000160469 | BRSK1 5,503 5,89E-07
ENSG00000228315 | GUSBP11 -7,704 | 4,50E-13 ENSG00000168040 | FADD 5,527 5,14E-07
ENSG00000094804 | CDC6 -7,668 | 5,91E-13 ENSG00000140297 | GCNT3 5,558 4,34E-07
ENSG00000026950 | BTN3A1 -7,637 | 7,48E-13 ENSG00000012983 | MAP4K5 5,591 3,58E-07
ENSG00000213859 | KCTD11 -7,614 | 8,93E-13 ENSG00000005884 | ITGA3 5,594 3,53E-07
ENSG00000168398 | BDKRB2 -7,598 | 1,00E-12 ENSG00000117115 | PADI2 5,689 2,05E-07
ENSG00000170381 | SEMA3E -7,591 | 1,06E-12 ENSG00000196369 | SRGAP2B 5,69 2,04E-07
ENSG00000167191 | GPRC5B -7,508 | 1,96E-12 ENSG00000172020 | GAP43 5,709 1,83E-07
ENSG00000139890 | REM2 -7,504 | 2,02E-12 ENSG00000068078 | FGFR3 5,709 1,83E-07
ENSG00000153956 | CACNA2D1 -7,478 | 2,45E-12 ENSG00000187609 | EXD3 5,709 1,83E-07
ENSG00000120800 | UTP20 -7,477 | 2,46E-12 ENSG00000107859 | PITX3 5,709 1,83E-07
ENSG00000142731 | PLK4 -7,427 | 3,55E-12 ENSG00000181418 | DDN 5,709 1,83E-07
ENSG00000139352 | ASCL1 -7,425 | 3,61E-12 ENSG00000234911 | TEX21P 5,709 1,83E-07
ENSG00000164053 | TREX1 -7,424 | 3,62E-12 ENSG00000152315 | KCNK13 5,709 1,83E-07
ENSG00000172201 | ID4 -7,393 | 4,55E-12 ENSG00000182175 | RGMA 5,709 1,83E-07
ENSG00000134986 | NREP -7,349 | 6,28E-12 ENSG00000109113 | RAB34 5,709 1,83E-07
ENSG00000159885 | ZNF222 -7,34 | 6,70E-12 ENSG00000160117 | ANKLE1 5,709 1,83E-07
ENSG00000152683 | SLC30A6 -7,336 | 6,87E-12 ENSG00000197380 | DACT3 5,709 1,83E-07
ENSG00000225470 | JPX -7,336 | 6,87E-12 ENSG00000102043 | MTMR8 5,709 1,83E-07
ENSG00000107242 | PIP5K1B -7,323 | 7,54E-12 ENSG00000171054 | OR13H1 5,709 1,83E-07
ENSG00000259494 | MRPL46 -7,321| 7,64E-12 ENSG00000204421 | LY6G6C 5,709 1,83E-07
ENSG00000088356 | PDRG1 -7,3 | 8,86E-12 ENSG00000133195 | SLC39A11 5,711 1,83E-07
ENSG00000198720 | ANKRD13B -7,293 | 9,32E-12 ENSG00000213928 | IRF9 5,741 1,55E-07
ENSG00000166341 | DCHS1 -7,275 | 1,06E-11 ENSG00000263956 | NBPF11 5,744 1,53E-07
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ENSG00000136367 | ZFHX2 -7,262 | 1,16E-11 ENSG00000143702 | CEP170P1 5,744 1,53E-07
ENSG00000125744 | RTN2 -7,256 | 1,21E-11 ENSG00000213760 | ATP6V1G2 5,748 1,49E-07
ENSG00000162630 | B3GALT2 -7,247 | 1,29E-11 ENSG00000151025 | GPR158 5,749 1,49E-07
ENSG00000186312 | CA5BP1 -7,202 | 1,76E-11 ENSG00000152556 | PFKM 5,831 1,02E-07
ENSG00000101076 | HNF4A -7,171| 2,18E-11 ENSG00000166478 | ZNF143 5,851 9,08E-08
ENSG00000106665 | CLIP2 -7,129 | 2,94E-11 ENSG00000105865 | DUS4L 5,867 8,32E-08
ENSG00000005108 | THSD7A -7,116 | 3,23E-11 ENSG00000134198 | TSPAN2 5,903 6,71E-08
ENSG00000199785 | SNORA52 -7,111| 3,33E-11 ENSG00000115009 | CCL20 5,903 6,71E-08
ENSG00000137312 | FLOT1 -7,101 | 3,59E-11 ENSG00000197415 | VEPH1 5,903 6,71E-08
ENSG00000228175 | GEMIN8P4 -7,06 | 4,79E-11 ENSG00000179046 | TRIML2 5,903 6,71E-08
ENSG00000182870 | GALNT9 -7,052 | 5,03E-11 ENSG00000129422 | MTUS1 5,903 6,71E-08
ENSG00000125931 | CITED1 -7,062 | 5,03E-11 ENSG00000140006 | WDR89 5,903 6,71E-08
ENSG00000260916 | CCPG1 -7,011| 6,71E-11 ENSG00000103154 | NECAB2 5,903 6,71E-08
ENSG00000169855 | ROBO1 -6,953 | 1,00E-10 ENSG00000141639 | MAPK4 5,903 6,71E-08
ENSG00000134864 | GGACT -6,907 | 1,38E-10 ENSG00000268751 | SCGB1B2P 5,903 6,71E-08
ENSG00000196417 | ZNF765 -6,895 | 1,49E-10 ENSG00000162669 | HFM1 5,977 4,49E-08
ENSG00000188818 | ZDHHC11 -6,871| 1,76E-10 ENSG00000188641 | DPYD 5,977 4,49E-08
ENSG00000188766 | SPRED3 -6,849 | 2,05E-10 ENSG00000136689 | ILIRN 5,977 4,49E-08
ENSG00000135636 | DYSF -6,837 | 2,17E-10 ENSG00000181585 | TMIE 5,977 4,49E-08
ENSG00000224958 | PGM5-AS1 -6,837 | 2,17E-10 ENSG00000145536 | ADAMTS16 5,977 4,49E-08
ENSG00000149557 | FEZ1 -6,837 | 2,17E-10 ENSG00000164400 | CSF2 5,977 4,49E-08
ENSG00000205822 | TPTE2P6 -6,837 | 2,17E-10 ENSG00000205089 | CCNI2 5,977 4,49E-08
ENSG00000104154 | SLC30A4 -6,837 | 2,17E-10 ENSG00000078401 | EDN1 5,977 4,49E-08
ENSG00000091622 | PITPNM3 -6,837 | 2,17E-10 ENSG00000276998 | REXO1L2P 5,977 4,49E-08
ENSG00000187775 | DNAH17 -6,837 | 2,17E-10 ENSG00000137070 | IL11RA 5,977 4,49E-08
ENSG00000104883 | PEX11G -6,837 | 2,17E-10 ENSG00000175768 | TOMM5 5,977 4,49E-08
ENSG00000165175 | MID1IP1 -6,837 | 2,17E-10 ENSG00000173227 | SYT12 5,977 4,49E-08
ENSG00000198157 | HMGN5 -6,837 | 2,17E-10 ENSG00000136010 | ALDH1L2 5,977 4,49E-08
ENSG00000160716 | CHRNB2 -6,837 | 2,18E-10 ENSG00000239827 | SUGT1P3 5,977 4,49E-08
ENSG00000186417 | GLDN -6,81 | 2,63E-10 ENSG00000129538 | RNASE1 5,977 4,49E-08
ENSG00000181798 | LINC00471 -6,798 | 2,83E-10 ENSG00000140092 | FBLN5 5,977 4,49E-08
ENSG00000061455 | PRDM6 -6,791 | 2,96E-10 ENSG00000103742 | IGDCC4 5,977 4,49E-08
ENSG00000180884 | ZNF792 -6,78 | 3,19E-10 ENSG00000176046 | NUPR1 5,977 4,49E-08
ENSG00000117407 | ARTN -6,734 | 4,25E-10 ENSG00000221887 | HMSD 5,977 4,49E-08
ENSG00000225880 | LINC00115 -6,703 | 5,26E-10 ENSG00000282458 | WASH5P 5,977 4,49E-08
ENSG00000085840 | ORC1 -6,7 | 5,35E-10 ENSG00000186115 | CYP4F2 5,977 4,49E-08
ENSG00000173080 | RXFP4 -6,694 | 5,55E-10 ENSG00000105695 | MAG 5,977 4,49E-08
ENSG00000205413 | SAMD9 -6,67 | 6,47E-10 ENSG00000196337 | CGB7 5,977 4,49E-08
ENSG00000157379 | DHRS1 -6,665 | 6,71E-10 ENSG00000174586 | ZNF497 5,977 4,49E-08
ENSG00000169184 | MN1 -6,66 | 6,92E-10 ENSG00000100341 | PNPLAS 5,977 4,49E-08
ENSG00000134242 | PTPN22 -6,639 | 7,97E-10 ENSG00000102225 | CDK16 5,977 4,49E-08
ENSG00000165046 | LETM2 -6,597 | 1,05E-09 ENSG00000204681 | GABBR1 5,977 4,49E-08
ENSG00000175591 | P2RY2 -6,556 | 1,36E-09 ENSG00000188368 | PRR19 5,981 4,49E-08
ENSG00000164342 | TLR3 -6,487 | 2,14E-09 ENSG00000136141 | LRCH1 5,995 4,21E-08
ENSG00000118557 | PMFBP1 -6,4 | 3,75E-09 ENSG00000169242 | EFNA1 5,999 4,11E-08
ENSG00000111077 | TENC1 -6,384 | 4,15E-09 ENSG00000167588 | GPD1 6,003 4,02E-08
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ENSG00000184557 | SOCS3 -6,354 | 4,99E-09 ENSG00000119801 | YPEL5 6,011 3,85E-08
ENSG00000224209 | LINC00466 -6,353 | 4,99E-09 ENSG00000151474 | FRMD4A 6,023 3,60E-08
ENSG00000182389 | CACNB4 -6,353 | 4,99E-09 ENSG00000115594 | IL1R1 6,028 3,49E-08
ENSG00000173295 | FAM86B3P -6,353 | 4,99E-09 ENSG00000133640 | LRRIQ1 6,038 3,29E-08
ENSG00000164741 | DLC1 -6,353 | 4,99E-09 ENSG00000170017 | ALCAM 6,068 2,76E-08
ENSG00000177283 | FZD8 -6,353 | 4,99E-09 ENSG00000119013 | NDUFB3 6,068 2,75E-08
ENSG00000240370 | RPL13P5 -6,353 | 4,99E-09 ENSG00000127324 | TSPAN8 6,081 2,55E-08
ENSG00000233382 | NKAPP1 -6,353 | 4,99E-09 ENSG00000132952 | USPL1 6,093 2,38E-08
ENSG00000136167 | LCP1 -6,351 | 5,07E-09 ENSG00000132000 | PODNL1 6,096 2,34E-08
ENSG00000162927 | PUS10 -6,318 | 6,24E-09 ENSG00000258920 | FOXN3-AS1 6,107 2,18E-08
ENSG00000114698 | PLSCR4 -6,289 | 7,50E-09 ENSG00000255150 | EID3 6,116 2,07E-08
ENSG00000099901 | RANBP1 -6,266 | 8,64E-09 ENSG00000122970 | IFT81 6,117 2,06E-08
ENSG00000171823 | FBXL14 -6,243 | 1,00E-08 ENSG00000168938 | PPIC 6,12 2,03E-08
ENSG00000104814 | MAP4K1 -6,235 | 1,05E-08 ENSG00000011260 | UTP18 6,155 1,63E-08
ENSG00000109079 | TNFAIP1 -6,227 | 1,10E-08 ENSG00000159899 | NPR2 6,159 1,60E-08
ENSG00000243708 | PLA2G4B -6,226 | 1,10E-08 ENSG00000207493 | SNORA46 6,17 1,49E-08
ENSG00000056558 | TRAF1 -6,224 | 1,11E-08 ENSG00000229186 | ADAM1A 6,181 1,40E-08
ENSG00000126790 | L3HYPDH -6,221 | 1,14E-08 ENSG00000102302 | FGD1 6,182 1,39E-08
ENSG00000151224 | MAT1A -6,203 | 1,27E-08 ENSG00000105514 | RAB3D 6,198 1,31E-08
ENSG00000265763 | ZNF488 -6,188 | 1,35E-08 ENSG00000141837 | CACNA1A 6,201 1,28E-08
ENSG00000134321 | RSAD2 -6,188 | 1,35E-08 ENSG00000177971 | IMP3 6,211 1,20E-08
ENSG00000170745 | KCNS3 -6,188 | 1,35E-08 ENSG00000145331 | TRMT10A 6,226 1,10E-08
ENSG00000114771 | AADAC -6,188 | 1,35E-08 ENSG00000161643 | SIGLEC16 6,227 1,10E-08
ENSG00000106031 | HOXA13 -6,188 | 1,35E-08 ENSG00000163467 | TSACC 6,255 9,30E-09
ENSG00000240583 | AQP1 -6,188 | 1,35E-08 ENSG00000105388 | CEACAM5 6,273 8,28E-09
ENSG00000002746 | HECW1 -6,188 | 1,35E-08 ENSG00000090905 | TNRC6A 6,302 6,89E-09
ENSG00000181085 | MAPK15 -6,188 | 1,35E-08 ENSG00000184698 | OR51M1 6,343 5,33E-09
ENSG00000041982 | TNC -6,188 | 1,35E-08 ENSG00000047634 | SCML1 6,364 4,73E-09
ENSG00000174804 | FZD4 -6,188 | 1,35E-08 ENSG00000205002 | AARD 6,368 4,61E-09
ENSG00000241749 | RPSAP52 -6,188 | 1,35E-08 ENSG00000236200 | KDM4A-AS1 6,387 4,07E-09
ENSG00000198598 | MMP17 -6,188 | 1,35E-08 ENSG00000183647 | ZNF530 6,4 3,75E-09
ENSG00000140459 | CYP11A1 -6,188 | 1,35E-08 ENSG00000185761 | ADAMTSL5S 6,426 3,19E-09
ENSG00000127588 | GNG13 -6,188 | 1,35E-08 ENSG00000068971 | PPP2R5B 6,467 2,44E-09
ENSG00000161405 | IKZF3 -6,188 | 1,35E-08 ENSG00000136710 | CCDC115 6,515 1,78E-09
ENSG00000131943 | C190rf12 -6,188 | 1,35E-08 ENSG00000070404 | FSTL3 6,544 1,47E-09
ENSG00000166619 | BLCAP -6,188 | 1,35E-08 ENSG00000118292 | Clorf54 6,564 1,29E-09
ENSG00000237438 | CECR7 -6,188 | 1,35E-08 ENSG00000130997 | POLN 6,564 1,29E-09
ENSG00000163374 | YY1AP1 -6,184 | 1,38E-08 ENSG00000221818 | EBF2 6,564 1,29E-09
ENSG00000242110 | AMACR -6,18 | 1,40E-08 ENSG00000177042 | TMEM80 6,564 1,29E-09
ENSG00000100036 | SLC35E4 -6,172 | 1,47E-08 ENSG00000137700 | SLC37A4 6,564 1,29E-09
ENSG00000215218 | UBE2QL1 -6,151 | 1,68E-08 ENSG00000212124 | TAS2R19 6,564 1,29E-09
ENSG00000188613 | NANOS1 -6,142 | 1,77E-08 ENSG00000168646 | AXIN2 6,564 1,29E-09
ENSG00000246985 | SOCS2-AS1 -6,113 | 2,12E-08 ENSG00000184949 | FAM227A 6,564 1,29E-09
ENSG00000275111 | ZNF2 -6,089 | 2,43E-08 ENSG00000141294 | LRRC46 6,568 1,27E-09
ENSG00000101294 | HM13 -6,081 | 2,55E-08 ENSG00000253846 | PCDHGA10 6,591 1,09E-09
ENSG00000124406 | ATP8A1 -6,062 | 2,85E-08 ENSG00000151846 | PABPC3 6,627 8,60E-10
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ENSG00000178999 | AURKB -6,061 | 2,87E-08 ENSG00000102879 | CORO1A 6,638 7,98E-10
ENSG00000153993 | SEMA3D -6,032 | 3,41E-08 ENSG00000168026 | TTC21A 6,681 6,04E-10
ENSG00000175130 | MARCKSL1 -6,025 | 3,54E-08 ENSG00000175785 | PRIMA1 6,685 5,88E-10
ENSG00000136542 | GALNTS -6,019 | 3,67E-08 ENSG00000141497 | ZMYND15 6,685 5,88E-10
ENSG00000213199 | ASIC3 -6,01 | 3,86E-08 ENSG00000161981 | SNRNP25 6,693 5,60E-10
ENSG00000007372 | PAX6 -6,01 | 3,86E-08 ENSG00000128604 | IRF5 6,709 5,07E-10
ENSG00000140465 | CYP1A1 -6,009 | 3,88E-08 ENSG00000184047 | DIABLO 6,76 3,58E-10
ENSG00000167733 | HSD11B1L -5,962 | 4,89E-08 ENSG00000154240 | CEP112 6,76 3,58E-10
ENSG00000147144 | CCDC120 -5,95 | 5,26E-08 ENSG00000172731 | LRRC20 6,772 3,31E-10
ENSG00000221916 | C190rf73 -5,919 | 6,34E-08 ENSG00000198331 | HYLS1 6,772 3,31E-10
ENSG00000186854 | TRABD2A -5,91 | 6,54E-08 ENSG00000248124 | RRN3P1 6,772 3,31E-10
ENSG00000138823 | MTTP -5,91 | 6,54E-08 ENSG00000167757 | KLK11 6,772 3,31E-10
ENSG00000124507 | PACSIN1 -5,91 | 6,54E-08 ENSG00000110344 | UBE4A 6,772 3,31E-10
ENSG00000184530 | Céorf58 -5,91 | 6,54E-08 ENSG00000134245 | WNT2B 6,777 3,23E-10
ENSG00000006747 | SCIN -5,91 | 6,54E-08 ENSG00000167311 | ART5 6,777 3,23E-10
ENSG00000279012 | OR51B2 -5,91 | 6,54E-08 ENSG00000162241 | SLC25A45 6,777 3,23E-10
ENSG00000206192 | ANKRD20ASP -5,91 | 6,54E-08 ENSG00000019144 | PHLDB1 6,777 3,23E-10
ENSG00000180229 | HERC2P3 -5,91 | 6,54E-08 ENSG00000139970 | RTN1 6,777 3,23E-10
ENSG00000198146 | ZNF770 -5,91 | 6,54E-08 ENSG00000183780 | SLC35F3 6,883 1,62E-10
ENSG00000271447 | MMP28 -5,91 | 6,54E-08 ENSG00000157343 | ARMC12 6,9 1,45E-10
ENSG00000188039 | NWD1 -5,91 | 6,54E-08 ENSG00000144355 | DLX1 6,901 1,43E-10
ENSG00000160396 | HIPK4 -5,91 | 6,54E-08 ENSG00000181481 | RNF135 6,926 1,21E-10
ENSG00000158164 | TMSB15A -5,91 | 6,54E-08 ENSG00000130540 | SULT4A1 6,95 1,02E-10
ENSG00000198945 | L3MBTL3 -5,883 | 7,54E-08 ENSG00000173404 | INSM1 6,972 8,78E-11
ENSG00000240386 | LCE1F -5,878 | 7,79E-08 ENSG00000155158 | TTC39B 6,974 8,65E-11
ENSG00000159388 | BTG2 -5,866 | 8,32E-08 ENSG00000168899 | VAMP5 6,981 8,28E-11
ENSG00000167889 | MGAT5B -5,857 | 8,74E-08 ENSG00000152766 | ANKRD22 6,992 7,69E-11
ENSG00000164761 | TNFRSF11B -5,84 | 9,67E-08 ENSG00000152240 | HAUS1 7,017 6,44E-11
ENSG00000161955 | TNFSF13 -5,828 | 1,04E-07 ENSG00000116138 | DNAJC16 7,034 5,73E-11
ENSG00000162490 | DRAXIN -5,807 | 1,10E-07 ENSG00000196214 | ZNF766 7,054 4,99E-11
ENSG00000158006 | PAFAH2 -5,807 | 1,10E-07 ENSG00000128000 | ZNF780B 7,058 4,84E-11
ENSG00000196189 | SEMA4A -5,807 | 1,10E-07 ENSG00000213809 | KLRK1 7,145 2,62E-11
ENSG00000163565 | IFI16 -5,807 | 1,10E-07 ENSG00000106080 | FKBP14 7,152 2,50E-11
ENSG00000119771 | KLHL29 -5,807 | 1,10E-07 ENSG00000136295 | TTYH3 7,164 2,30E-11
ENSG00000163817 | SLC6A20 -5,807 | 1,10E-07 ENSG00000213139 | CRYGS 7,173 2,15E-11
ENSG00000163380 | LMOD3 -5,807 | 1,10E-07 ENSG00000174521 | TTC9B 7,173 2,15E-11
ENSG00000145147 | SLIT2 -5,807 | 1,10E-07 ENSG00000206755 | SNORA30 7,185 1,99E-11
ENSG00000181541 | MAB21L2 -5,807 | 1,10E-07 ENSG00000079337 | RAPGEF3 7,2 1,78E-11
ENSG00000213406 | ANXA2P1 -5,807 | 1,10E-07 ENSG00000112561 | TFEB 7,203 1,76E-11
ENSG00000198939 | ZFP2 -5,807 | 1,10E-07 ENSG00000197563 | PIGN 7,222 1,53E-11
ENSG00000087116 | ADAMTS2 -5,807 | 1,10E-07 ENSG00000168939 | SPRY3 7,23 1,45E-11
ENSG00000219607 | PPP1R3G -5,807 | 1,10E-07 ENSG00000040608 | RTN4R 7,239 1,36E-11
ENSG00000219294 | PIP5K1P1 -5,807 | 1,10E-07 ENSG00000174721 | FGFBP3 7,257 1,20E-11
ENSG00000183674 | LINC00518 -5,807 | 1,10E-07 ENSG00000197483 | ZNF628 7,26 1,18E-11
ENSG00000204305 | AGER -5,807 | 1,10E-07 ENSG00000171574 | ZNF584 7,299 8,92E-12
ENSG00000091137 | SLC26A4 -5,807 | 1,10E-07 ENSG00000128346 | C220rf23 7,304 8,64E-12
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ENSG00000230316 | FEZF1-AS1 -5,807 | 1,10E-07 ENSG00000198915 | RASGEF1A 7,309 8,34E-12
ENSG00000158815 | FGF17 -5,807 | 1,10E-07 ENSG00000105750 | ZNF85 7,332 7,10E-12
ENSG00000215187 | FAM166B -5,807 | 1,10E-07 ENSG00000206937 | SNORA70B 7,371 5,35E-12
ENSG00000266412 | NCOA4 -5,807 | 1,10E-07 ENSG00000013619 | MAMLD1 7,43 3,49E-12
ENSG00000138131 | LOXL4 -5,807 | 1,10E-07 ENSG00000163762 | TM4SF18 7,432 3,44E-12
ENSG00000187908 | DMBT1 -5,807 | 1,10E-07 ENSG00000102886 | GDPD3 7,514 1,87E-12
ENSG00000175264 | CHST1 -5,807 | 1,10E-07 ENSG00000158186 | MRAS 7,529 1,67E-12
ENSG00000173338 | KCNK7 -5,807 | 1,10E-07 ENSG00000167393 | PPP2R3B 7,536 1,60E-12
ENSG00000177675 | CD163L1 -5,807 | 1,10E-07 ENSG00000152219 | ARL14EP 7,543 1,52E-12
ENSG00000134539 | KLRD1 -5,807 | 1,10E-07 ENSG00000099840 | IZUMO4 7,579 1,16E-12
ENSG00000185432 | METTL7A -5,807 | 1,10E-07 ENSG00000128607 | KLHDC10 7,606 9,46E-13
ENSG00000123342 | MMP19 -5,807 | 1,10E-07 ENSG00000204516 | MICB 7,61 9,18E-13
ENSG00000238105 | GOLGA2P5 -5,807 | 1,10E-07 ENSG00000185485 | SDHAP1 7,716 4,10E-13
ENSG00000167723 | TRPV3 -5,807 | 1,10E-07 ENSG00000138834 | MAPK8IP3 7,722 3,94E-13
ENSG00000173991 | TCAP -5,807 | 1,10E-07 ENSG00000152520 | PAN3 7,726 3,82E-13
ENSG00000005961 | ITGA2B -5,807 | 1,10E-07 ENSG00000107282 | APBA1 7,741 3,41E-13
ENSG00000293358 | LOC653653 -5,807 | 1,10E-07 ENSG00000096093 | EFHC1 7,772 2,67E-13
ENSG00000183287 | CCBE1 -5,807 | 1,10E-07 ENSG00000125741 | OPA3 7,789 2,35E-13
ENSG00000125650 | PSPN -5,807 | 1,10E-07 ENSG00000164366 | CCDC127 7,818 1,89E-13
ENSG00000142303 | ADAMTS10 -5,807 | 1,10E-07 ENSG00000215375 | MYL5 7,827 1,77E-13
ENSG00000178093 | TSSK6 -5,807 | 1,10E-07 ENSG00000144550 | CPNE9 7,836 1,65E-13
ENSG00000105737 | GRIK5 -5,807 | 1,10E-07 ENSG00000248905 | FMN1 7,843 1,57E-13
ENSG00000177692 | DNAJC28 -5,807 | 1,10E-07 ENSG00000136436 | CALCOCO2 7,901 9,93E-14
ENSG00000243279 | PRAF2 -5,807 | 1,10E-07 ENSG00000105550 | FGF21 7,917 8,76E-14
ENSG00000186416 | NKRF -5,807 | 1,10E-07 ENSG00000113318 | MSH3 7,939 7,39E-14
ENSG00000204248 | COL11A2 -5,807 | 1,10E-07 ENSG00000152705 | CATSPER3 7,939 7,39E-14
ENSG00000143502 | SUSD4 -5,806 | 1,10E-07 ENSG00000117586 | TNFSF4 7,95 6,78E-14
ENSG00000065057 | NTHL1 -5,801 | 1,13E-07 ENSG00000186451 | SPATA12 8,055 2,98E-14
ENSG00000179994 | SPDYE7P -5,799 | 1,14E-07 ENSG00000228409 | CCT6P1 8,095 2,17E-14
ENSG00000187634 | SAMD11 -5,794 | 1,15E-07 ENSG00000164241 | C50rf63 8,096 2,16E-14
ENSG00000196734 | LCE1B -5,794 | 1,15E-07 ENSG00000145362 | ANK2 8,109 1,93E-14
ENSG00000115008 | IL1A -5,794 | 1,15E-07 ENSG00000111145 | ELK3 8,237 6,90E-15
ENSG00000169432 | SCNOA -5,794 | 1,15E-07 ENSG00000132846 | ZBED3 8,239 6,80E-15
ENSG00000072195 | SPEG -5,794 | 1,15E-07 ENSG00000004948 | CALCR 8,242 6,64E-15
ENSG00000109390 | NDUFC1 -5,794 | 1,15E-07 ENSG00000004838 | ZMYND10 8,272 5,20E-15
ENSG00000164136 | IL15 -5,794 | 1,15E-07 ENSG00000183401 | CCDC159 8,277 5,02E-15
ENSG00000173261 | PLAC8L1 -5,794 | 1,15E-07 ENSG00000033170 | FUT8 8,287 4,64E-15
ENSG00000180938 | ZNF572 -5,794 | 1,15E-07 ENSG00000187187 | ZNF546 8,299 4,22E-15
ENSG00000165995 | CACNB2 -5,794 | 1,15E-07 ENSG00000064687 | ABCA7 8,305 4,02E-15
ENSG00000012779 | ALOX5 -5,794 | 1,15E-07 ENSG00000181588 | MEX3D 8,307 3,96E-15
ENSG00000138326 | RPS24 -5,794 | 1,15E-07 ENSG00000171951 | SCG2 8,373 2,30E-15
ENSG00000110375 | UPK2 -5,794 | 1,15E-07 ENSG00000223773 | CD99P1 8,411 1,69E-15
ENSG00000140279 | DUOX2 -5,794 | 1,15E-07 ENSG00000159433 | STARD9 8,413 1,66E-15
ENSG00000214456 | PLINS -5,794 | 1,15E-07 ENSG00000182685 | BRICD5 8,426 1,49E-15
ENSG00000124143 | ARHGAP40 -5,794 | 1,15E-07 ENSG00000084710 | EFR3B 8,436 1,38E-15
ENSG00000100031 | GGT1 -5,794 | 1,15E-07 ENSG00000178104 | PDE4DIP 8,443 1,31E-15
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ENSG00000085185 | BCORL1 -5,794 | 1,15E-07 ENSG00000122641 | INHBA 8,468 1,08E-15
ENSG00000274349 | ZNF658 -5,777 | 1,27E-07 ENSG00000091879 | ANGPT2 8,488 9,10E-16
ENSG00000144843 | ADPRH -5,775 | 1,28E-07 ENSG00000006451 | RALA 8,521 7,03E-16
ENSG00000205885 | C1RL-AS1 -5,772 | 1,31E-07 ENSG00000148218 | ALAD 8,533 6,36E-16
ENSG00000108797 | CNTNAP1 -5,766 | 1,35E-07 ENSG00000084676 | NCOA1 8,535 6,28E-16
ENSG00000100604 | CHGA -5,764 | 1,37E-07 ENSG00000198792 | TMEM184B 8,557 5,27E-16
ENSG00000230524 | COL6A4P1 -5,752 | 1,46E-07 ENSG00000105072 | C190rf44 8,557 5,27E-16
ENSG00000092094 | OSGEP -5,705 | 1,87E-07 ENSG00000111348 | ARHGDIB 8,565 4,94E-16
ENSG00000221737 | MIR548I1 -5,655 | 2,50E-07 ENSG00000105048 | TNNT1 8,572 4,67E-16
ENSG00000115539 | PDCL3 -5,641 | 2,71E-07 ENSG00000104953 | TLE6 8,585 4,22E-16
ENSG00000105672 | ETV2 -5,621 | 3,03E-07 ENSG00000242252 | BGLAP 8,619 3,19E-16
ENSG00000101850 | GPR143 -5,584 | 3,74E-07 ENSG00000167325 | RRM1 8,633 2,85E-16
ENSG00000204315 | FKBPL -5,577 | 3,88E-07 ENSG00000111110 | PPM1H 8,642 2,66E-16
ENSG00000078804 | TP53INP2 -5,543 | 4,70E-07 ENSG00000136883 | KIF12 8,666 2,19E-16
ENSG00000215837 | SDHAP2 -5,51 | 5,67E-07 ENSG00000097096 | SYDE2 8,675 2,05E-16
ENSG00000269313 | MAGIX -5,504 | 5,86E-07 ENSG00000115318 | LOXL3 8,677 2,03E-16
ENSG00000139625 | MAP3K12 -5,492 | 6,24E-07 ENSG00000213906 | LTB4R2 8,68 1,98E-16
ENSG00000185758 | CLDN24 -5,436 | 8,51E-07 ENSG00000226823 | SUGT1P1 8,692 1,81E-16
ENSG00000118620 | ZNF430 -5,411| 9,77E-07 ENSG00000247092 | SNHG10 8,712 1,54E-16
ENSG00000185250 | PPIL6 -5,403 | 1,02E-06 ENSG00000171097 | CCBL1 8,716 1,50E-16
ENSG00000167100 | SAMD14 -5,393 | 1,07E-06 ENSG00000141068 | KSR1 8,746 1,17E-16
ENSG00000167711 | SERPINF2 -5,366 | 1,24E-06 ENSG00000106701 | FSD1L 8,748 1,16E-16
ENSG00000162745 | OLFML2B -5,363 | 1,25E-06 ENSG00000201157 | SNORA62 8,755 1,10E-16
ENSG00000196843 | ARID5A -5,363 | 1,25E-06 ENSG00000198833 | UBE2J1 8,778 9,26E-17
ENSG00000141028 | CDRT15P1 -5,363 | 1,25E-06 ENSG00000150667 | FSIP1 8,783 8,84E-17
ENSG00000271699 | SNX29P2 -5,352 | 1,33E-06 ENSG00000196388 | INCA1 8,784 8,83E-17
ENSG00000206149 | HERC2P9 -5,351 | 1,33E-06 ENSG00000196420 | S100A5 8,785 8,81E-17
ENSG00000116396 | KCNC4 -5,343 | 1,39E-06 ENSG00000243335 | KCTD7 8,793 8,27E-17
ENSG00000162129 | CLPB -5,312 | 1,64E-06 ENSG00000170325 | PRDM10 8,825 6,23E-17
ENSG00000141098 | GFOD2 -5,309 | 1,66E-06 ENSG00000105204 | DYRK1B 8,841 5,46E-17
ENSG00000141655 | TNFRSF11A -5,303 | 1,72E-06 ENSG00000162924 | REL 8,845 5,27E-17
ENSG00000167705 | RILP -5,301 | 1,73E-06 ENSG00000116731 | PRDM2 8,856 4,85E-17
ENSG00000100100 | PIK3IP1 -5,301 | 1,73E-06 ENSG00000176771 | NCKAP5 8,862 4,62E-17
ENSG00000152669 | CCNO -5,298 | 1,76E-06 ENSG00000231528 | FAM225A 8,877 4,17E-17
ENSG00000204604 | ZNF468 -5,281 | 1,92E-06 ENSG00000133121 | STARD13 8,89 3,73E-17
ENSG00000153347 | FAM81B -5,279 | 1,93E-06 ENSG00000185800 | DMWD 8,898 3,52E-17
ENSG00000244462 | RBM12 -5,279 | 1,94E-06 ENSG00000204946 | ZNF783 8,934 2,59E-17
ENSG00000148516 | ZEB1 -5,27 | 2,03E-06 ENSG00000171246 | NPTX1 8,94 2,45E-17
ENSG00000205755 | CRLF2 -5,257 | 2,17E-06 ENSG00000100221 | JOSD1 8,977 1,81E-17
ENSG00000109686 | SH3D19 -5,25 | 2,24E-06 ENSG00000166963 | MAP1A 8,978 1,81E-17
ENSG00000121775 | TMEM39B -5,242 | 2,32E-06 ENSG00000103855 | CD276 8,983 1,74E-17
ENSG00000235082 | SUMO1P3 -5,242 | 2,32E-06 ENSG00000204536 | CCHCR1 8,994 1,59E-17
ENSG00000197208 | SLC22A4 -5,242 | 2,32E-06 ENSG00000203326 | ZNF525 9,014 1,34E-17
ENSG00000171989 | LDHAL6B -5,242 | 2,32E-06 ENSG00000177628 | GBA 9,038 1,10E-17
ENSG00000143772 | ITPKB -5,232 | 2,45E-06 ENSG00000170011 | MYRIP 9,044 1,05E-17
ENSG00000112852 | PCDHB2 -5,232 | 2,45E-06 ENSG00000185513 | L3MBTL1 9,048 1,01E-17
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ENSG00000084072 | PPIE -5,226 | 2,53E-06 ENSG00000174137 | FAM53A 9,051 9,87E-18
ENSG00000265293 | ARGFXP2 -5,224 | 2,56E-06 ENSG00000182379 | NXPH4 9,058 9,34E-18
ENSG00000117643 | MAN1C1 -5,222 | 2,57E-06 ENSG00000131944 | C190rf40 9,087 7,33E-18
ENSG00000132793 | LPIN3 -5,221| 2,59E-06 ENSG00000004776 | HSPB6 9,095 6,83E-18
ENSG00000120658 | ENOX1 -5,219 | 2,60E-06 ENSG00000164970 | FAM219A 9,118 5,75E-18
ENSG00000204514 | ZNF814 -5,217 | 2,63E-06 ENSG00000164749 | HNF4G 9,123 5,54E-18
ENSG00000244026 | FAM86DP -5,214 | 2,65E-06 ENSG00000134824 | FADS2 9,13 5,24E-18
ENSG00000102878 | HSF4 -5,214 | 2,65E-06 ENSG00000180730 | SHISA2 9,134 5,10E-18
ENSG00000207181 | SNORA14B -5,213 | 2,66E-06 ENSG00000139055 | ERP27 9,155 4,34E-18
ENSG00000101608 | MYL12A -5,208 | 2,73E-06 ENSG00000039139 | DNAH5 9,164 4,04E-18
ENSG00000181826 | RELL1 -5,208 | 2,73E-06 ENSG00000079385 | CEACAM1 9,185 3,49E-18
ENSG00000205710 | C170rf107 -5,191 | 2,95E-06 ENSG00000169635 | HIC2 9,187 3,45E-18
ENSG00000206948 | SNORA3EA -5,191 | 2,95E-06 ENSG00000102678 | FGF9 9,205 3,00E-18
ENSG00000073921 | PICALM -5,14 | 3,86E-06 ENSG00000139269 | INHBE 9,229 2,49E-18
ENSG00000131016 | AKAP12 -5,075 | 5,42E-06 ENSG00000164483 | SAMD3 9,229 2,49E-18
ENSG00000128973 | CLN6 -5,06 | 5,86E-06 ENSG00000155393 | HEATR3 9,242 2,28E-18
ENSG00000135678 | CPM -4,929 | 1,15E-05 ENSG00000128917 | DLL4 9,253 2,13E-18
ENSG00000129514 | FOXA1 -4,867 | 1,57E-05 ENSG00000132801 | ZSWIM3 9,284 1,62E-18
ENSG00000149582 | TMEM25 -4,86 | 1,63E-05 ENSG00000167264 | DUS2L 9,293 1,52E-18
ENSG00000183579 | ZNRF3 -4,823 | 1,97E-05 ENSG00000110944 | IL23A 9,309 1,32E-18
ENSG00000180658 | OR2A4 -4,812 | 2,07E-05 ENSG00000252906 | SCARNA3 9,329 1,12E-18
ENSG00000114861 | FOXP1 -4,754 | 2,75E-05 ENSG00000152256 | PDK1 9,341 1,01E-18
ENSG00000161277 | THAP8 -4,735 | 3,03E-05 ENSG00000141522 | ARHGDIA 9,408 5,54E-19
ENSG00000138085 | ATRAID -4,652 | 4,52E-05 ENSG00000135862 | LAMC1 9,425 4,74E-19
ENSG00000182325 | FBXL6 -4,618 | 5,32E-05 ENSG00000163644 | PPM1K 9,463 3,32E-19
ENSG00000132141 | CCTeB -4,615 | 5,37E-05 ENSG00000121350 | PYROXD1 9,476 2,97E-19
ENSG00000065485 | PDIA5S -4,612 | 5,47E-05 ENSG00000008513 | ST3GAL1 9,496 2,48E-19
ENSG00000031081 | ARHGAP31 -4,538 | 7,76E-05 ENSG00000171466 | ZNF562 9,515 2,12E-19
ENSG00000199477 | SNORA31 -4,416 | 1,37E-04 ENSG00000087086 | FTL 9,526 1,97E-19
ENSG00000131171 | SH3BGRL -4,412 | 1,40E-04 ENSG00000187860 | CCDC157 9,537 1,79E-19
ENSG00000164932 | CTHRC1 -4,305 | 2,27E-04 ENSG00000124783 | SSR1 9,592 1,09E-19
ENSG00000131876 | SNRPA1 -4,228 | 3,18E-04 ENSG00000142230 | SAE1 9,609 9,32E-20
ENSG00000253293 | HOXA10 -4,187 | 3,81E-04 ENSG00000188215 | DCUN1D3 9,631 7,68E-20
ENSG00000099875 | MKNK2 -4,055 | 6,71E-04 ENSG00000114062 | UBE3A 9,682 4,72E-20
ENSG00000110680 | CALCA -4,048 | 6,90E-04 ENSG00000154380 | ENAH 9,691 4,33E-20
ENSG00000189143 | CLDN4 -4,039 | 7,16E-04 ENSG00000172197 | MBOAT1 9,919 4,88E-21
ENSG00000123485 | HIURP -3,982 | 9,07E-04 ENSG00000159023 | EPB41 9,983 2,58E-21
ENSG00000197933 | ZNF823 -3,96 | 9,97E-04 ENSG00000152952 | PLOD2 9,99 2,43E-21
ENSG00000166938 | DIS3L -3,936 | 1,10E-03 ENSG00000131788 | PIAS3 9,994 2,37E-21
ENSG00000196139 | AKR1C3 -3,916 | 1,19E-03 ENSG00000197321 | SVIL 10,055 1,29E-21
ENSG00000100376 | FAM118A -3,908 | 1,23E-03 ENSG00000165704 | HPRT1 10,079 1,02E-21
ENSG00000168394 | TAP1 -3,908 | 1,23E-03 ENSG00000135048 | TMEM2 10,087 9,53E-22
ENSG00000090470 | PDCD7 -3,893 | 1,31E-03 ENSG00000164054 | SHISAS 10,265 1,58E-22
ENSG00000105696 | TMEM59L -3,842 | 1,61E-03 ENSG00000109680 | TBC1D19 10,378 5,04E-23
ENSG00000147536 | GINS4 -3,819 | 1,76E-03 ENSG00000142192 | APP 10,413 3,59E-23
ENSG00000167608 | TMC4 -3,805 | 1,86E-03 ENSG00000138604 | GLCE 10,436 2,86E-23
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ENSG00000165949 | IFI27 -3,794 | 1,94E-03 ENSG00000173064 | HECTD4 10,497 1,52E-23
ENSG00000161904 | LEMD2 -3,78 | 2,04E-03 ENSG00000066379 | ZNRD1 10,509 1,36E-23
ENSG00000178057 | NDUFAF3 -3,765 | 2,17E-03 ENSG00000108671 | PSMD11 10,706 1,71E-24
ENSG00000174720 | LARP7 -3,756 | 2,24E-03 ENSG00000164307 | ERAP1 10,829 4,74E-25
ENSG00000212724 | KRTAP2-3 -3,743 | 2,36E-03 ENSG00000004799 | PDK4 10,963 1,16E-25
ENSG00000002587 | HS3ST1 -3,721| 2,57E-03 ENSG00000075856 | SART3 11,102 2,59E-26
ENSG00000218336 | TENM3 -3,71 | 2,68E-03 ENSG00000176871 | WSB2 11,198 9,20E-27
ENSG00000185567 | AHNAK2 -3,683 | 2,98E-03 ENSG00000186501 | TMEM222 11,259 4,72E-27
ENSG00000170634 | ACYP2 -3,646 | 3,43E-03 ENSG00000176142 | TMEM39A 11,359 1,56E-27
ENSG00000139178 | C1RL -3,642 | 3,48E-03 ENSG00000177688 | SUMO4 11,498 3,18E-28
ENSG00000121988 | ZRANB3 -3,641 | 3,49E-03 ENSG00000137575 | SDCBP 11,616 8,51E-29
ENSG00000205426 | KRT81 -3,64 | 3,49E-03 ENSG00000120837 | NFYB 11,722 2,49E-29
ENSG00000143952 | VPS54 -3,626 | 3,69E-03 ENSG00000138698 | RAP1GDS1 11,734 2,21E-29
ENSG00000170776 | AKAP13 -3,615 | 3,84E-03 ENSG00000136631 | VPS45 11,907 2,92E-30
ENSG00000055332 | EIF2AK2 -3,601 | 4,04E-03 ENSG00000149573 | MPZL2 12,193 9,88E-32
ENSG00000147416 | ATPEV1B2 -3,581 | 4,35E-03 ENSG00000133731 | IMPA1 12,198 9,50E-32
ENSG00000170523 | KRT83 -3,574 | 4,46E-03 ENSG00000223509 | WHAMMP1 12,249 5,21E-32
ENSG00000196371 | FUT4 -3,572 | 4,49E-03 ENSG00000054523 | KIF1B 12,287 3,32E-32
ENSG00000122406 | RPL5 -3,558 | 4,73E-03 ENSG00000077147 | TMOSF3 12,562 1,09E-33
ENSG00000103121 | CMC2 -3,545 | 4,95E-03 ENSG00000198876 | DCAF12 12,7 1,94E-34
ENSG00000120725 | SIL1 -3,54 | 5,05E-03 ENSG00000179950 | PUF60 12,736 1,26E-34
ENSG00000136152 | COG3 -3,532 | 5,20E-03 ENSG00000120709 | FAM53C 12,886 1,92E-35
ENSG00000188612 | SUMO2 -3,519 | 5,46E-03 ENSG00000129657 | SEC14L1 12,893 1,79E-35
ENSG00000291237 | SOD2 -3,517 | 5,49E-03 ENSG00000198182 | ZNF607 12,921 1,28E-35
ENSG00000213963 | LOC100130691 -3,516 | 5,49E-03 ENSG00000166888 | STAT6 13,028 3,26E-36
ENSG00000186951 | PPARA -3,508 | 5,64E-03 ENSG00000120925 | RNF170 13,559 3,13E-39
ENSG00000204386 | NEU1 -3,503 | 5,74E-03 ENSG00000168615 | ADAM9 13,701 4,64E-40
ENSG00000106733 | NMRK1 -3,491| 6,01E-03 ENSG00000179546 | HTR1D 13,849 6,24E-41
ENSG00000160505 | NLRP4 -3,477 | 6,32E-03 ENSG00000173020 | ADRBK1 14,178 6,48E-43
ENSG00000136068 | FLNB -3,474 | 6,38E-03 ENSG00000169241 | SLC50A1 14,967 7,34E-48
ENSG00000178307 | TMEM11 -3,469 | 6,49E-03 ENSG00000113580 | NR3C1 15,151 4,81E-49
ENSG00000141385 | AFG3L2 -3,467 | 6,53E-03 ENSG00000162086 | ZNF75A 15,268 8,44E-50
ENSG00000124733 | MEA1 -3,457 | 6,76E-03 ENSG00000111424 | VDR 15,607 5,17E-52
ENSG00000109472 | CPE -3,45 | 6,94E-03 ENSG00000158623 | COPG2 16,341 4,55E-57
ENSG00000182871 | COL18A1 -3,443 | 7,11E-03 ENSG00000139644 | TMBIM6 16,575 1,02E-58
ENSG00000149541 | B3GAT3 -3,436 | 7,27E-03 ENSG00000174405 | LIG4 16,849 1,10E-60
ENSG00000089057 | SLC23A2 -3,424 | 7,59E-03 ENSG00000129250 | KIF1C 17,283 7,05E-64
ENSG00000176994 | SMCR8 -3,408 | 8,03E-03 ENSG00000162889 | MAPKAPK2 17,959 7,80E-69
ENSG00000114316 | USP4 -3,392 | 8,50E-03 ENSG00000173456 | RNF26 18,277 4,29E-71
ENSG00000187720 | THSD4 -3,37 | 9,16E-03 ENSG00000100227 | POLDIP3 19,127 6,81E-78
ENSG00000173530 | TNFRSF10D -3,368 | 9,19E-03 ENSG00000106351 | AGFG2 19,565 2,06E-81
ENSG00000173221 | GLRX -3,367 | 9,22E-03

ENSG00000086232 | EIF2AK1 -3,361 | 9,44E-03

ENSG00000083845 | RPS5 -3,358 | 9,52E-03

ENSG00000156471 | PTDSS1 -3,334 | 1,03E-02

ENSG00000127220 | ABHD8 -3,329 | 1,05E-02
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ENSG00000172137 | CALB2 -3,321 | 1,08E-02
ENSG00000144589 | STK11IP -3,319 | 1,09E-02
ENSG00000238795 | SCARNA12 -3,318 | 1,09E-02
ENSG00000188976 | NOC2L -3,31| 1,12E-02
ENSG00000060971 | ACAA1 -3,3| 1,16E-02
ENSG00000102316 | MAGED2 -3,293 | 1,19E-02
ENSG00000111863 | ADTRP -3,28 | 1,23E-02
ENSG00000159346 | ADIPOR1 -3,279 | 1,24E-02
ENSG00000177963 | RIC8A -3,275 | 1,26E-02
ENSG00000197261 | C6orf141 -3,255 | 1,34E-02
ENSG00000070159 | PTPN3 -3,247 | 1,38E-02
ENSG00000137801 | THBS1 -3,245 | 1,39E-02
ENSG00000090060 | PAPOLA -3,233 | 1,44E-02
ENSG00000169813 | HNRNPF -3,22 | 1,50E-02
ENSG00000106123 | EPHB6 -3,217 | 1,51E-02
ENSG00000105443 | CYTH2 -3,211 | 1,54E-02
ENSG00000002549 | LAP3 -3,191 | 1,65E-02
ENSG00000130702 | LAMAS -3,188 | 1,67E-02
ENSG00000075399 | VPSOD1 -3,171| 1,77E-02
ENSG00000009780 | FAM76A -3,161 | 1,83E-02
ENSG00000167904 | TMEM68 -3,148 | 1,90E-02
ENSG00000041357 | PSMA4 -3,14 | 1,95E-02
ENSG00000181523 | SGSH -3,138 | 1,96E-02
ENSG00000135924 | DNAJB2 -3,132 | 2,00E-02
ENSG00000127884 | ECHS1 -3,13 | 2,01E-02
ENSG00000120337 | TNFSF18 -3,128 | 2,03E-02
ENSG00000102384 | CENPI -3,122 | 2,07E-02
ENSG00000119335 | SET -3,111 | 2,13E-02
ENSG00000166226 | CCT2 -3,109 | 2,14E-02
ENSG00000097021 | ACOT7 -3,109 | 2,15E-02
ENSG00000158156 | XKR8 -3,099 | 2,21E-02
ENSG00000170312 | CDK1 -3,086 | 2,31E-02
ENSG00000188342 | GTF2F2 -3,085 | 2,31E-02
ENSG00000162073 | PAQR4 -3,084 | 2,32E-02
ENSG00000119431 | HDHD3 -3,083 | 2,32E-02
ENSG00000104064 | GABPB1 -3,078 | 2,36E-02
ENSG00000145349 | CAMK2D -3,063 | 2,48E-02
ENSG00000162971 | TYW5 -3,05 | 2,58E-02
ENSG00000106683 | LIMK1 -3,041 | 2,65E-02
ENSG00000136003 | ISCU -3,036 | 2,68E-02
ENSG00000117280 | RAB7L1 -3,031 | 2,73E-02
ENSG00000106392 | C1GALT1 -3,028 | 2,75E-02
ENSG00000187210 | GCNT1 -3,023 | 2,79E-02
ENSG00000074370 | ATP2A3 -3,02 | 2,81E-02
ENSG00000149150 | SLC43A1 -3,015 | 2,85E-02
ENSG00000119777 | TMEM214 -3,001 | 2,99E-02
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ENSG00000184489 | PTP4A3 -2,986 | 3,13E-02
ENSG00000175426 | PCSK1 -2,984 | 3,14E-02
ENSG00000170442 | KRT86 -2,984 | 3,14E-02
ENSG00000060762 | MPC1 -2,98 | 3,18E-02
ENSG00000105991 | HOXA1 -2,975 | 3,22E-02
ENSG00000132646 | PCNA -2,97 | 3,27E-02
ENSG00000122042 | UBL3 -2,963 | 3,33E-02
ENSG00000173535 | TNFRSF10C -2,95 | 3,46E-02
ENSG00000000460 | Clorf112 -2,941 | 3,56E-02
ENSG00000105486 | LIG1 -2,923 | 3,76E-02
ENSG00000115204 | MPV17 -2,918 | 3,81E-02
ENSG00000181789 | COPG1 -2,918 | 3,81E-02
ENSG00000178761 | FAM219B -2,916 | 3,82E-02
ENSG00000251992 | SCARNA17 -2,916 | 3,82E-02
ENSG00000143401 | ANP32E -2,912 | 3,86E-02
ENSG00000115514 | TXNDC9 -2,912 | 3,86E-02
ENSG00000145741 | BTF3 -2,91| 3,88E-02
ENSG00000113810 | SMC4 -2,904 | 3,95E-02
ENSG00000129991 | TNNI3 -2,904 | 3,95E-02
ENSG00000196757 | ZNF700 -2,9 | 4,00E-02
ENSG00000120656 | TAF12 -2,899 | 4,00E-02
ENSG00000168887 | C20rf68 -2,899 | 4,00E-02
ENSG00000149483 | TMEM138 -2,898 | 4,00E-02
ENSG00000160803 | UBQLN4 -2,893 | 4,07E-02
ENSG00000076258 | FMO4 -2,879 | 4,24E-02
ENSG00000132698 | RAB25 -2,878 | 4,25E-02
ENSG00000166582 | CENPV -2,872 | 4,33E-02
ENSG00000112576 | CCND3 -2,866 | 4,40E-02
ENSG00000116133 | DHCR24 -2,863 | 4,44E-02
ENSG00000163947 | ARHGEF3 -2,861 | 4,46E-02
ENSG00000280789 | PAGR1 -2,86 | 4,47E-02
ENSG00000260001 | TGFBR3L -2,859 | 4,48E-02
ENSG00000100979 | PLTP -2,854 | 4,54E-02
ENSG00000008988 | RPS20 -2,852 | 4,57E-02
ENSG00000187735 | TCEA1 -2,851 | 4,58E-02
ENSG00000142453 | CARM1 -2,838 | 4,74E-02
ENSG00000181982 | CCDC149 -2,836 | 4,78E-02
ENSG00000133067 | LGR6 -2,824 | 4,95E-02
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