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Purpose and aims 
Type 2 diabetes (T2D) is a major global health problem and there is a need for improved therapies. Here we 
will use unique approaches to identify T2D disease mechanisms by studies in the small intestine in patients 
subjected to gastric bypass surgery (RYGB). The role of small intestinal cells in T2D pathophysiology is poorly 
studied, but likely of importance as incretin hormones released from enteroendocrine cells are critical 
regulators of glucose homeostasis. Thus, increased understanding of the processes that are altered in 
intestinal mucosa in T2D is important and may pave the way for novel treatments. We will use a 
transcriptomic approach on human intestinal cells to identify cell type specific processes that are altered in 
T2D. In these studies, we will also take advantage of the fact that RYGB causes 
remission of T2D. We will utilize our established single cell RNA-sequencing 
(scRNAseq) pipeline and our recently developed analysis approach, differential gene 
synchronization network analysis (dGSNA) (manuscript submitted to Cell; Wierup 
last author), for identifying gene-regulatory networks (GRNs) that represent disease 
mechanisms in intestinal cells. To confirm the robustness of the method in intestinal 
tissue we will perform comprehensive functional validation experiments to test the 
predictions in living cells, animals and human tissue. We will further test the 
significance of our findings by follow-up genetic studies in large and well phenotyped 
cohorts. Finally, guided by our preliminary data we will assess whether statins suppress 
plasma incretin levels. With this strategy, we are well positioned to pinpoint the 
precise biological processes affected in T2D in each small intestinal cell type.  
 
Specific aims: 1) Identify cell type specific, T2D-affected GRNs in jejunal scRNAseq data. 2) Perform 
comprehensive functional validation of node genes in the GRNs to understand whether dGSNA predicts novel 
important regulators of L- and K-cell function that are affected in T2D. 3) As an unbiased validation approach, 
perform a whole genome CRISPR-Cas9 screen to assess for enrichment of GLP-1-regulating genes in the L-
cell GRNs. 4) Test whether statins affect incretin hormone secretion and production. 
 
State-of-the-art 
Gastric bypass induced T2D remission and the role of the gut in T2D pathophysiology 
Undoubtedly, the gut plays a crucial role in the regulation of glucose homeostasis, e.g. via release of the 
incretin hormones GLP-1 and GIP in response to a meal. Reduced incretin secretion and action are hallmarks 
of T2D, and GLP-1 plasma levels are lower in T2D patients while GIP levels are increased in obesity1,2. Although 
incretin hormones are major regulators of glucose homeostasis, it is not well known how they are regulated 
or how the incretin-producing cells are affected in T2D3. In fact, comprehensive studies on the impact of T2D 
on human intestinal cells are completely lacking. RYGB causes remission of T2D and even though it is well 
established that postprandial levels of incretin hormones are robustly elevated, the underlying mechanisms 
remain unresolved3. The fact that RYGB causes remission of T2D makes this group of patients ideal for 
identifying curative processes for T2D. We have shown that RYGB per se has beneficial effects on metabolism, 
independently of body weight and meal size4,5. These effects include improved glycemia, increased beta cell 
mass and postprandial insulin- and incretin levels4, altered metabolite, bile acid and lipoprotein profiles6. 
Recent animal studies point towards a role for the jejunum (alimentary limb) in the remission of T2D. In rats, 
RYGB induces jejunal reprograming, leading to increased glucose utilization7. In pigs, RYGB results in blocked 
jejunal glucose uptake (from the lumen) as a consequence of bile deprivation8. In humans, we have shown 
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that meal-induced blood flow is increased in the jejunum post-RYGB9. This suggests increased jejunal 
metabolism and is intriguing in view of the proposed role of jejunum in T2D remission. We have shown that 
RYGB alters enteroendocrine cell composition in pigs and causes a 5-fold increase in number of GLP-1 
producing L-cells in the human jejunum10, but the underlying mechanisms are unknown. Taken together, 
there is evidence that both T2D, as well as remission of T2D after RYGB involves alterations in small 
intestinal biology, but comprehensive studies on which cellular processes that are affected in which cell 
types are lacking. To study cell type specific biological processes that are affected in T2D and RYGB we will 
now employ a transcriptomic approach using scRNAseq on jejunal specimens from T2D and non-T2D patients 
subjected to RYGB. The biological significance of our findings will be validated in comprehensive experimental 
studies as well as by genetic studies in large cohorts. 
 
Significance and scientific novelty   
Despite the fact that GLP-1 based medication is widely and successfully used to treat T2D, the mechanisms 
regulating endogenous incretin hormone secretion and production in health and disease are poorly studied. 
We will address this pressing question by taking advantage of several recent advances in both molecular 
biology, computational biology as well as large-scale human transcriptomics: 1) An optimized scRNAseq 
pipeline allowing for high quality data, 2) novel bioinformatic tools and large-scale computing, and 3) a 
recently developed approach for high-throughput functional analysis, whole genome CRISPR-Cas9 screen. 
With this functional genomics approach on perturbed intestinal function in T2D our proposal bridges the gap 
between powerful human T2D genetics and target identification for therapeutic intervention. 
 

 
 
Preliminary and previous results  
The project will utilize pipelines and protocols recently established in the labs of the applicants and is highly 
feasible and supported by a substantial amount of preliminary data. 1) BulkRNAseq data of human jejunal 
specimens shows altered expression of genes regulating cholesterol biosynthesis (e.g HMGCR), fatty acid 
synthesis (e.g. SCD1), as well as and AMN (a Vitamin B12 regulator) 1-year post-RYGB. Immunostainings 
localized the gene products to human jejunal L-cells (Fig 1). In GLUTag 
cells siRNA silencing of Hmgcr, Scd1 and Amn affects Gcg mRNA 
expression (Fig 2A) and causes reduced GLP-1 secretion (Fig 2B), without 
affecting cell viability. Scd1 silencing caused reduced intracellular Ca2+ 
levels (Fig 2C) and reduced membrane depolarization (Fig 2D) in response 
to 16.7 mM glucose, suggesting altered exocytosis as a plausible 
mechanism. Thus, our preliminary data show that our transcriptomic 
approach in RYGB-patients is suitable for identifying novel regulators of 
L-cell function. 2) We have recently performed scRNAseq in human islets 
and developed a novel algorithm (dGSNA) that in an unprecedented 
manner pinpoints the experimentally proven mechanisms of T2D beta cell 
pathophysiology (Fig 5). This approach will be used in the current 
proposal on intestinal scRNAseq data acquired using 10X genomics 
technology. So far, we have generated scRNAseq data from jejunal specimens (taken during RYGB surgery) 
from 4 non-T2D and 1 T2D subjects. Our initial cell type clustering suggests that eight different cell types are 
represented (Fig 3). 3) In an acute setting, statin treatment blunts glucose- and IBMX-stimulated GLP-1 
secretion in GLUTag cells (Fig 4).  
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Figure 2. A-B: Effect of siRNA-silencing (KD) of RYGB-affected genes Amn, Hmgcr, and Scd1 on Gcg mRNA (A) and GLP-1 secretion (B) in 

GLUTag cells. Intracellular Ca2+ levels (C) and membrane potential (D) is reduced after Scd1 KD (red) in GLUTag cells. NC (black) = 

scrambled control siRNA. 
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Research plan  
Task 1. Cell type specific impact of T2D and RYGB on jejunal mucosa cells  
Incretin-based medication is successfully used to treat T2D and increased 
understanding of the regulation of incretin hormone secretion in health and T2D 
may pave the way for targetable disease mechanisms. To this end, we will use a 
transcriptomic approach in small intestinal mucosa specimens from T2D and non-
T2D subjects undergoing RYGB. Our unpublished bulkRNAseq data show that 
jejunal gene expression is highly affected by RYGB. In jejunal specimens taken 
during surgery and from the same location 1-year post-RYGB (during gastroscopy in 
13 obese, non-diabetic subjects) 614 genes were differentially expressed. However, 
we do not know which cell types are involved. To understand this, we need single-
cell resolution and will take advantage of our established scRNAseq pipeline and 
novel analysis tool dGSNA. We have established a fast-standby workflow for high quality scRNAseq of islets 
and performed single-cell transcriptional profiling of 4000 cells (6 T2D, 6 controls) using Smart-seq2 as in11. 
To faster reach higher numbers of cells for each sample at a lower cost, we will now employ 10X genomics 
technology (>3500 cells/specimen). We aim to sequence to a depth of 150.000 reads (100bp paired-end) for 
each single cell library; sufficient for differential expression analysis and for construction of GRNs using 
dGSNA. To assign cell class identity we use a two-way unsupervised clustering approach, BackSPIN11. We 
anticipate that assessing how T2D affects GRNs, rather than single gene expression changes, is a more 
robust way to identify biological processes altered in T2D intestinal cells. To this end we created the 
algorithm dGSNA which partly builds on “Weighted Gene Correlation Network Analysis” (WGCNA)12. dGSNA 
uses 1) variability in expression of individual genes between cells of different types to build putative GRNs, 
2) subtracts the gene-gene correlation matrix of T2D cells from non-T2D cells, 3) and thereafter uses 
topological analysis to identify entire network modules that are desynchronized or hyper-synchronized in 
T2D. Of note, while WGCNA relies on assuming a certain structure of the network, thereby forcing the data, 
dGSNA is entirely agnostic, performed in a completely unbiased manner. With this approach we can 
understand which gene-gene correlations have been strengthened (hyper-synchronized) or weakened 
(desynchronized) in each intestinal cell type as a consequence of T2D. We anticipate that hyper-synchronized 
GRNs represent biological processes that are compensatory enhanced and that desynchronized GRNs 
represent perturbed biological processes. We also predict that a higher number of disrupted and/or activated 
connections indicate the importance of the gene in regulating T2D mechanisms and that such highly 
connected genes are “node 
genes” acting as important 
regulators of each GRN. 
Systematic GO-term analyses as 
well as manual comprehensive 
literature review will be 
employed to decipher the 
biological relevance of the GRNs 
and the included genes. 
Illustrating the robustness of 
this approach, dGSNA identified 
processes known as hallmarks of 
beta cell dysfunction and 
multiple genes experimentally 
shown to play important roles in 
T2D beta cell dysfunction (Fig 5). 
To avoid confounding influence 
from changes in lifestyle and 
body weight, we will focus on the acute effect of RYGB. Along with fasting blood samples, mucosa samples 
will be procured from obese T2D (<5years disease duration) and non-T2D patients during surgery and two 
months after RYGB using gastroscopy10 (n=5-10 per group, depending on funding). With this strategy we will 
be able to assess both the effect of T2D on jejunal gene expression, as well as the effect of RYGB. Our 
preliminary data acquired using 10X genomics technology show that the technique is feasible (Fig 3). 
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Fig 4. Treatment of GLUTag cells 
with Rosuvastatin blunts glucose-
and IBMX-induced GLP-1 secretion.

Figure 5. tSNE visualization of GRNs identified by dGSNA and representing known cellular 

processes altered in T2D beta cells (Exocytosis, Unfolded protein response, Mitochondria 

function, and Differentiation) and other less well studied processes. GO-terms for each GRN is 
indicated.
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Task 2. Functional validation 
We predict that node genes (Task 1) of T2D-affected GRNs play key roles in the cells during T2D development. 
To test the dGSNA predictions, the function of selected node genes will be assessed using the following 
strategies: 1) siRNA silencing (two siRNAs for each gene) and CRISPR-Cas9-mediated gene disruption 
protocols, established in the lab, in cell lines (GLUTag and STC-1). Endpoints will be GLP-1 secretion and Gcg 
and Gip mRNA. 2) Genes that affect these endpoints will be selected for functional studies closer to the in 
vivo situation using intestinal organoids. We have developed a protocol for murine intestinal organoids that 
contain GIP- and GLP-1 expressing cells (Fig 6), as well as high Gcg and Gip mRNA expression. This model will 
likely also enable studies of GIP secretion, which is not feasible in any in vitro model today. We anticipate 
that a similar protocol applies also for human tissue and aim to culture organoids from the patients subjected 
to scRNAseq to enable functional validation. 3) We will also use mice with villin-driven null mutations for 
genes of interest, e.g. Scd1 (collaboration with Dr Antoni Moschetta, University of Bari, Italy), and assess 
glucose homeostasis, and GLP-1 secretion and production. 4) Mechanistic studies aiming to identify 
molecular mode of action of selected genes will be performed in organoids from targeted mice and in cell 
lines using pharmacological targeting, patch clamp, Seahorse and other state-of-the-art techniques 
established at LUDC.  5) Guided by our recent data on genetic influence on incretin hormone plasma levels13, 
we will also perform genetic studies to validate our findings. The scRNAseq 
study subjects will be subjected to GWAS and intestine specific eQTL analyses 
will be performed. Hopefully we will also be able to identify cell type specific 
eQTLs. eQTLs for node genes and or genes with proven function in L-cell biology 
will be assessed for association with T2D risk, and related metabolic traits as 
well as GLP-1 plasma levels in the Malmö Diet and Cancer Study (MDCS), 
Malmö Offspring Study (MOS), Botnia and PPP cohorts. We will also search for 
“human knockouts” for genes of interest in existing exome sequencing data 
from 10.000 individuals (1.500 families) from the Botnia family study and 
among 28,000 participants of MDCS. Subjects with null mutations will be 
studied for incidence of T2D and related phenotypes, e.g. coronary heart 
disease. Preliminary data: Fig 1,2 and 6.  
 
Task 3. Whole genome CRISPR-Cas9 screen to test if GLP-1-regulating genes are enriched in L-cell GRNs 
As an unbiased strategy, we will screen the entire genome for genes affecting GLP-1 production and test for 
enrichment in the identified L-cell GRNs. To this end we will perform a whole genome CRISPR-Cas9-based 
screen14 employing the High Throughput Genome Engineering (HTGE) facility at SciLifeLab. Due to the 
pooled format this method allows for cost efficient parallel interrogation of tens of thousands of genes for 
the involvement in biological processes. We will use GLP-1 production as readout and GLUTag cells, 
transfected with GFP-linked human proglucagon, as model system. Cells will be transfected with lentiviral 
vectors containing CRISPR guide libraries against the entire genome (20.000 genes; 4 guides/gene). To enable 
screening for both inhibitors and stimulators of proglucagon-GFP content, we will perform experiments both 
under basal conditions (2.8 mM glucose), and stimulatory conditions (16.7 mM glucose +10 µM IBMX). In 
each experiment, FACS will be employed to sort cells with the highest and lowest quartile of GFP. Thereafter, 
abundance of each guide RNA will be assessed by RNAseq to identify which guide RNA (and thereby the 
targeted genes) that is associated with affected GLP-1 production as detailed in15. Gene set enrichment 
analysis will be used to assess for enrichment of these genes in the beta cell GRNs 
 
Task 4. Are statins inhibitors of incretin secretion?  
Guided by our bulkRNAseq data suggesting altered cholesterol metabolism in the jejunal mucosa of RYGB 
patients, as well as functional data showing that silencing of the key cholesterol regulator Hmgcr affect L-cell 
biology, we will assess whether cholesterol-lowering statins affect GLP-1 secretion and production. HMGCR 
is the target for statins and given the vast number of T2D patients who are on statins, this is a clinically 
relevant question. First, we will test whether statins affect GLP-1 secretion and Gcg mRNA expression in 
GLUTag cells. Thereafter the acute effect of statins on GLP-1 and GIP secretion will be assessed during an oral 
glucose tolerance test (OGTT) in vivo in mice. In parallel, mice will be treated for a prolonged period (3 weeks) 
with statins and the effect of GLP-1 and GIP secretion assessed during an OGTT.  

To investigate a potential relationship between statin medication and incretin plasma levels in humans 
we will take advantage of our cohort of RYGB patients LUDC-GB (n=165; fasting GIP and GLP-1 available) and 
search the medical records for statins. The main applicant is part of IMI2 project Rhapsody and have via 

Fig 6. Murine small intestinal 
organoid immunostained for 

GLP-1. Insert shows L-cells at 

higher magnification. 
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Francois Pattou, Lille, France, access to a data set of 1500 RYGB subjects that will be used as a replication 
cohort. We will also use available data from the MDCS, MOS as well as Botnia and PPP cohorts. If these 
investigations point at an association with statins and incretin levels, we will apply for ethical permission to 
test the effect of statins on plasma incretin levels in vivo in human lean control subjects as well as in obese 
patients before and after RYGB. Initially these studies will be focused on potential effects in an acute setting 
during an OGTT. Preliminary data: studies in GLUTag cells shows that statin (2 µM rosuvastatin) treatment 
indeed reduces GLP-1 secretion (Fig 4).   
 
Time plan and implementation 
Task 1 will be finished first (3-6 months), thereafter task 2 and 3 will be performed in parallel the remaining 
18 months. Task 4 will run as a parallel project.  
 
Project organization  
A postdoc candidate will be responsible for scRNAseq studies and bioinformatic analyses and will get training 
by Wierup’s team for performing also part of the proposed wet lab functional experiments. The candidate 
will be trained in bioinformatics (primarily dGSNA) by collaborator Jens Hjerling-Leffler’s (KI, Sweden) postdoc 
Jose Martinez-Lopez and work closely together with collaborator Rashmi Prasad (LUDC) and the 
bioinformatics unit at LUDC. Genetic studies will be led by Marju Orho-Melander and her team at LUDC. 
Collaborator Ola Hansson (LUDC) will aid in the analyses of human knockouts. Proposed in vivo studies in 
humans will be performed in collaboration with MD, postdoc Markus Lundgren (LUDC). Collaborator MD 
Louise Bennet (LUDC) aid in searching medical records. Nils Wierup has a broad clinical network of private 
and public care providers performing Roux-en-Y gastric bypass surgery (RYGB) and is participating in the IMI2 
project Rhapsody. Johan Berggren (PhD-student and RYGB surgeon), Jan Hedenbro (Associate Prof and 
experienced RYGB surgeon), Ylva Wessman (research nurse), senior postdocs Andreas Lindqvist and Michael 
Miskelly will be responsible for biopsy sampling and logistics using our established pipeline. Amaya Lopez will 
aid in CRISPR-Cas9 studies. Lindqvist and Miskelly will also aid in validation studies in Task 2. 
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