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Abstract
 	Current protocols used to differentiate human induced pluripotent stem cells (iPSCs) into cardiomyocytes (CMs) are lengthy and produce immature CMs. Additionally, current standard protocols use Matrigel, which is not a defined substrate. To investigate whether alternative substrates could increase efficiency of iPSC-CM differentiation protocols, iPSC-CMs were grown on seven rationally-selected extracellular matrix (ECM) proteins. Studies comparing iPSC-CM differentiation on multiple substrates compared to Matrigel have been limited. We hypothesized iPSC-CM differentiation speed and maturity could be improved by differentiation on rationally-selected ECM proteins. To test this hypothesis, the speed at which the iPSC-CMs differentiated as wells as maturity of the resultant iPSC-CM were tested. To analyze speed, confluency over time and days until contractility onset were quantified. To analyze maturity of the cells, expression of maturation marker MYL7 was monitored. The iPSC-CMs differentiated on Laminin-521, Laminin-221 + 521, and Laminin-332 showed increased confluency during differentiation compared to the Matrigel control. The date of contractions onset observed of the iPSC-CMs grown on ECM proteins Laminin-521, and Laminin-221 + 521 was earlier compared to Matrigel. Laminin-521, Laminin-221 + 521, mouse Laminin-111, and Laminin-332 ECM proteins had less variability in date of contraction onset compared to Matrigel. The iPSC-CMs cultured on Laminin-521 and Laminin-221 + 521 were observed to contract earlier, have less variability in day of differentiation contraction onset, and grow to a higher confluency quicker. Culturing iPSCs on select ECM proteins can result in quicker iPSC-CM differentiations.  
Introduction 
	The heart, due to its internal location and essential function, is challenging to study. Creating accurate cellular models are necessary for investigating heart development and disease.  Additionally, many people require a heart transplant, but donors are limited. A promising and unlimited source of cardiomyocytes (CMs) is from human induced pluripotent stem cells (iPSCs). CMs derived (or “differentiated”) from iPSCs can be used to create cellular models to investigate heart development and disease, and may be used for regenerative medicine/heart transplant efforts. However, existing protocols for differentiating CMs from iPSCs (iPSC-CM) are relatively inefficient, requiring months of continuous culture and producing CMs that are relatively immature and “contaminated” with other cell types.
This honors thesis project aimed to investigate how human iPSC-CM differentiation is impacted by the extracellular matrix (ECM), and specifically whether altering the substrate to be comprised of specific rationally-selected ECM proteins during iPSC-CM differentiation may improve the efficiency of the differentiation. Current protocols differentiate iPSC-CMs on Matrigel, a mouse tumor-derived substrate containing a mixture of ECM proteins. Matrigel is the default substrate for undifferentiated iPSC culture, and ECM optimization for iPSC-CM differentiation has been limited. While the ECM is known to affect iPSC differentiation in general, how the ECM affects iPSC-CM differentiation specifically and, importantly, maturation of the resultant iPSC-CMs, is unknown. We propose to test whether iPSC-CM differentiation speed and maturity is improved by differentiation on rationally-selected ECM proteins. In the future, purified ECM proteins may be used for cardiac tissue engineering efforts, creating xenogeneic (animal product)-free culture systems to avoid immune rejection.
Background 
Extracellular Matrix Proteins 
The extracellular matrix (ECM) is a network of extracellular macromolecules which interact with the cells via integrins, multifunctional transmembrane heterodimer receptors, each made up of a different individual - and - subunit. Integrins are involved in mediating key interactions between the cell and the ECM, including those involved in adhesion, proliferation, and a variety of signaling pathways including those that modulate differentiation and cell fate (Guilak et al., 2009). The ECM is made up of several protein and proteoglycan components. ECM proteins include collagens, laminins, fibronectin, vitronectin, and others. The ECM is known to affect iPSC differentiation in general, including differentiation to specific target cell types. The ECM serves the important purpose of mediating interactions between integrins and signaling molecules, which can ultimately have different effects on a cell. The composition of the ECM depends on developmental stages as well as the tissue type (Zhang et al. 2012). If select ECM proteins are able to impact CM maturity and identity, this may ultimately lead to developing CM differentiation protocols with improved efficiencies. A study aiming to use native cardiac ECM to improve CM differentiation identified a combination of 105 proteins that are unique to cardiac tissue, and 36 of these proteins were identified as constituents of the basement membrane of the ECM. The four main groups of identified ECM components were collagens (29.9%), laminins (7%), fibrillin (51.9%), and proteoglycans (8%) (Guyette et al., 2016). Exploration into the composition of cardiac ECM is essential in order to improve our available iPSC-CM differentiation protocols. Table 1 shows integrin subunits specific to human adult cardiac tissues with their respective ligands.Table 1. Integrin expression in adult cardiac tissue
α-Integrin subunits expressed in cardiac tissue
β-Integrin subunit binding partners expressed in cardiac tissue
Primary ECM integrin ligands
α3
β1
Laminin-332, -511, and -521; collagen IV; fibronectin; thrombospondin-1
α5
β1
Fibronectin; fibrinogen; osteopontin
α6
β1
Laminin-111, -211, -221, -332, -511, and -521
α7
β1
Laminin-111, -211, and -221
α8
β1
Fibronectin; Vitronectin
αV
 
β1
Vitronectin; fibronectin; fibrinogen; osteopontin

β5
Vitronectin; osteopontin
Integrin ligands shown in bold are expressed in adult cardiac tissue (publicly available microarray data accessed through the Amazonia genome expression data website).


Laminins
	Laminins are glycoproteins which are part of the basement membrane, as they are synthesized during embryogenesis. Laminins have many important functions, including cell adhesion, migration, angiogenesis, and differentiation (Timpl et al., 2000; Miner and Yurchenko, 2004; Suzuki et al., 2005). Laminins are heterotrimers each composed of three different subunits, an α, β, and γ chain that make up 15 isoforms (Bildyug, 2019), allowing them to bind varying integrins, as shown in Table 1 (the laminin numbers represent the subunits in order, e.g., laminin-521 is comprised of α5, β2, and γ1 chains). 
Investigations comparing the effects of laminins to other ECM proteins in their ability to effect iPSC-CM have shown that laminins may be particularly promising for guiding this differentiation process. Laminin-521 and laminin-511 in particular have been shown capable of maintaining long-term adhesion, supporting efficient differentiation, and supporting increased growth rates compared to E-cadherin, vitronectin, and Matrigel (Burridge et al., 2014). A separate study showed that the primary laminin component of Matrigel, laminin-111, when tested alone yielded iPSC-CMs with lower maturation than those differentiated on Matrigel, making it of less interest for generating mature iPSC-CMs (Herron et al., 2016). Regarding the effects of different isoforms, a defined and xenogeneic (animal component)-free method for the differentiation of iPSC-CMs using laminin-521 and laminin-221 was recently published. This group had previously shown that laminin-521 is suitable for culturing and maintaining human embryonic stem cells (hESC) in a pluripotent (undifferentiated) state (Rodin et al., 2014). After determining that laminin-221 was the most common isoform expressed in the heart, cardiac differentiation efficiency of vitronectin, laminin-521 alone, laminin-521 mixed with laminin-221, and laminin-521 mixed with laminin-211 were compared. The combination of laminin-521 and laminin-221 yielded the best efficiency; the generated CMs were over 80% positive for expression of TNNT2, and displayed mature electrophysiological properties and appropriate drug responses (Yap et al., 2019). One recent protocol identified laminin-521 as one of the most suitable ECM proteins for iPSC-CM differentiation, as it, unlike laminin-511, had a beating similar to that of the adult heart (Sung et al., 2019). Based on these studies, Laminin-111, Laminin-221, Laminin-211, Laminin-521, and the combination of Laminin-221 + 521 would be best suitable for iPSC-CM differentiation. 

Collagens
Collagens are the most abundant proteins of the myocardial ECM of adults (Bowers and Baudino, 2012), and different types of collagens have generally been shown to play different roles in development. Collagen IV and V are in the cardiac basement membrane while collagens I and III are the most highly expressed constituents of the cardiac ECM (Villareal and Dillmann, 1992; Nguyen-Truong and Wang, 2018). Collagen found in the human heart has been reported to be the only ligand for integrin heterodimers α1β1, α2β1, α10β1, and α11β1, which induce different types of intracellular changes (Gullberg et al., 1992; Heino, 2014). This also highlights the importance of the β1 integrin subunit, as all collagens are known to bind integrins with β1 subunits; it has been shown to be responsible for attaching to the network of collagen (Belkin et al., 1996). However, it has been shown that plating hESCs alone on collagen is not efficient, due to the failure of the cells to attach to the ECM (Sung et al., 2019). Based on these studies, it is thought that Collagen IV and V may be most likely to support efficient iPSC-CM differentiation.

iPSC-CM differentiation protocol
	The most cited iPSC-CM differentiation protocol published by Lian et al., 2013, seeds undifferentiated iPSCs onto Matrigel and, by modulating Wnt/ β-catenin signaling, differentiation into cardiomyocytes is promoted. Matrigel is a substrate extracted from the Engelbreth-Holm-Swarm mouse tumor and contains a mixture of ECM proteins (Rowland et al., 2010). Culturing iPSCs on Matrigel can contaminate resultant cultures with mouse proteins, and because of this it is not a xenogeneic-free, or “xeno-free,” culture system. Xeno-free culture systems may be ideal for avoiding immune rejection during cardiac tissue transplants. Additionally, because Matrigel is derived from a mouse tumor containing a mixture of ECM proteins (and growth factors), it is impossible to determine which ECM proteins may be more important than others in supporting CM differentiation. Additionally, all components in Matrigel vary from lot to lot; therefore, it is not a “defined” substrate. 
The Lian et al., 2013 paper was the first to show that suppression of the Wnt/ β-catenin pathway promotes iPSC-CM differentiation. The presence of Wnt stabilizes the presence of β-catenin in the cytoplasm by sequestering the Axin complex that normally degrades β-catenin. β-catenin is transported into the nucleus where it acts as a transcription factor where it increases the initiation of transcription. Wnt signaling must be inhibited in order for later differentiation stages to occur (Naito et al., 2006).
[image: figure 1]
Figure 1: Wnt/ β-catenin signaling pathway (Y. Zhang & Wang, 20
When the ligand Wnt is present, β-catenin will not 20) be degraded by the AXIN complex. β-catenin when present can be relocated from the cytoplasm into the nucleus of the cell where acts as a transcription factor to turn on transcription. 

Myosin Light Chain 7 Maturation Marker
	Myosin Light Chain 7 (MYL7) is used as a maturation marker for iPSC-CMs because it is present in healthy human adult atrial cardiac cells. The cells used in this project were human iPSCs genetically modified to express MYL7 fluorescently labeled with mEGFP, as shown in Figure 2, which allows for live cell imaging of MYL7 protein expression. 
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Figure 2: hiPSC-CM express mEGFP-tagged MYL7
Image is of human iPSC-CMs at day 32 of differentiation expressing MYL7 fluorescently labeled with mEGFP (image from the Allen Institute website). Cells were plated on glass coated with laminin and imaged using a confocal microscope 20 days after replating onto glass.
Specific Aims 
The aim of this project is to investigate if the current iPSC-CM standard protocol can be improved upon using rationally-selected ECM proteins. The data collected will provide insight into determining whether ECM proteins can improve the speed of differentiation as well as the maturity of the iPSC-CM through the following two specific aims:
Aim 1: Can the speed of early iPSC-CM differentiation be improved when cultured on different ECM proteins?

Aim 2: Can maturity of early iPSC-CM be improved by culture on ECM proteins?
Materials and Methods 
iPSC-CM Differentiation & Culture 
WTC-11 iPSC cells genetically modified to express MYL7 (developed by the Allen Institute and distributed by the Stem Cell Research and Technology Resource Center, CU Boulder) were cultured using the widely cited Lian et al., 2013 protocol, with minor modifications. The Matrigel the cells were normally cultured on was substituted with multiple ECM proteins: Plates were coated with an ECM substrate at a concentration shown to be effective at supporting hiPSCs, overnight at 4°C: Collagen IV mouse (10 µg/ml;Corning), mouse Laminin-111 (50 µg/ml; Invitrogen), Laminin-221 (7 µg/ml; BioLamina), Laminin-332 (7 µg/ml; BioLamina), Laminin-521 (7 µg/ml; BioLamina), Laminin-221 + 521 (7 µg/ml; BioLamina), Laminin-211 (7 µg/ml; BioLamina), Matrigel (BD Biosciences). Once cells grew to confluency of at least 80%, 12 µM CHIR99021 RPMI/B27-insulin media replaced the maintenance media, mTeSR. CHIR99021 activates the Wnt pathway by inhibiting GSK3, a Wnt inhibitor. This is considered day 0 of iPSC-CM differentiation. Exactly 24 hours after the addition of CHIR99021 RPMI/B27-insulin media, the media was aspirated and RPMI/B27-insulin media was added to the wells. On day 3, combined media was made using half of the media in the wells added with new media and the reagent IWP2. IWP2 is a Wnt signaling pathway inhibitor and was used to promote cardiomyocyte differentiation. Starting on day 7 of differentiation, the media was switched to RPMI/B27 (+ insulin) and changed every three days until the end of culturing.

Provi Microscope
The plate of cells was monitored the first twelve days of differentiation using an in incubator Provi microscope (Stem Cell Research and Technology Resource Center, CU Boulder). The microscope was programmed to take bright field images at 4X and record the confluency of the wells every 3 hours, every day.

Fluorescent Imaging of Maturation Marker MYL7
WTC-11 iPSC cells genetically modified to fluorescently express the cardiac maturation marker MYL7 were differentiated into iPSC-CM and at day 31 were imaged using an Olympus IX83 microscope (Stem Cell Research and Technology Resource Center, CU Boulder). Live cells were imaged at 4X magnification.
Results 
5.1 iPSC-CM can grow to confluency on different ECM proteins
	The confluency of the wells was measured every three hours every day with a Provi microscope in the incubator seen in Figure 3. The iPSC-CMs were able to grow on the substrate. Seven ECM proteins were tested alongside a Matrigel control. Four of the ECM proteins grew to confluency as well as the Matrigel control. Laminin-332, Laminin-521, and Laminin-221 + 521 grew to 100% confluency within two days of differentiation. Matrigel grew to 80% confluency by day 6 of differentiation. Mouse Laminin-111 was able to expand but was not consistently above 80% confluency. Not shown in Figure 3 are Laminin-221 and Laminin-211 because the cells were unable to grow on the substrate and had a confluency of 0%.
 
Figure 3: iPSCs successfully expanded upon multiple extracellular matrix proteins during early cardiomyocyte differentiation. iPSC-CMs were differentiated on eight different substrates and the confluency was measured every three hours for twelve days using a Provi microscope in the incubator. 


5.2: Over time iPSC-CMs expand on select ECM proteins
	The wells were imaged after each media change using bright field microscopy at 4X magnification seen in Figure 4. Over time confluency and differentiation was observed. On mouse Laminin-111, and Matrigel, iPSCs became detached from Day 0 to Day 1 of differentiation. iPSCs on Laminin-332, Laminin-521, and Laminin-221 + 521 maintained a high confluency Day 0 to Day 1 of differentiation. By day 20 of differentiation, all the iPSCs on the different substrates had differentiated heterogenous multicellular structures. The areas where contractions were observed expanded from day 20 to day 32 of differentiation for Laminin-332, Laminin-521, Laminin-221 + 521, and Matrigel. Contractions of iPSC-CMs cultured on mouse Laminin-111 did not expand large regions of the well but rather remained as small isolated islands of contractions. The regions where contractions presented originally had lifted edges by day 32 of differentiation.
[image: ]
Figure 4: iPSCs expand upon select extracellular matrix proteins over the course of cardiomyocyte differentiation. iPSC-CMs cultured on different substrates, including different laminins (LN) or Matrigel (control), were imaged using bright field microscopy at 4X magnification after media changes.  

5.3 The onset of contraction was recorded for each well
Using bright field microscopy at 4X, the cells were monitored for contraction before each media change, or typically every 3 days. Out of the seven ECMs tested, the cells differentiated on mouse LN-111, LN-332, LN-521, and LN-221 + 521 had contractions occur, seen in Table 2. Contractions were observed in the Matrigel control. Contractions were not present in the cells cultured on ECM proteins LN-221, LN-211. iPSC-CMs differentiated on LN-221+521 and LN-521 showed the earliest days until contraction onset (9.5 ± 0.5 and 11 ± 2 days, respectively), both showing contractions earlier than the Matrigel control (12.5 +- 3.5 days). The last ECM substrate to show contractions was LN-332 and mouse LN-111, which took longer than the Matrigel control (14.5 ± 1.5 and 16 ± 1, respectively).
Table 2: The date of iPSC-CM contraction onset differs on the multiple ECM substrates. Contraction onset of iPSC-CM was monitored using bright field microscopy before media changes. The date of contraction onset was recorded.
*On these substrates contractions were never observed during the course of the experiment, where iPSC-CM differentiation was carried out for 42 days total.

	ECM Substrate
	Average Days of Differentiation Until Contraction Onset

	Mouse LN-111
	16 ± 1

	LN-332
	14.5 ± 1.5

	LN-521
	11 ± 2

	LN-221 + 521
	9.5 ± 0.5

	Matrigel
	12.5 ± 3.5

	LN-221
	Never observed*

	LN-211
	Never observed*

	Collagen IV Mouse
	Never observed*



5.4: Expression of iPSC-CM maturation marker MYL7
	To assess the maturation of the iPSC-CM differentiated on different ECM substrates, live cell fluorescent imaging was performed to determine expression of maturation marker MYL7. Imaging was performed at 4X magnification on an iPSC line (WTC11) previously genetically modified to express MYL7 (obtained from the Allen Institute, and distributed by the Stem Cell Research and Technology Resource Center at CU Boulder) at day 31 of iPSC-CM differentiation (Figure 5). MYL7 expression was visualized in iPSC-CMs cultured on mouse Laminin-111, Laminin-332, Laminin-521, Laminin-221 + 521 as well as matrigel, via mEGFP fluorescence. Fluorescence was observed in wells where cells were able to grow to confluency above 80% and wells where contractions were observed. 
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Figure 5: iPSCs express cardiomyocyte marker MYL7 via mEGFP during cardiomyocyte differentiation on select extracellular matrix proteins. MYL7 fluorescent marker expression was imaged on day 31 of differentiation using an Olympus IX83 microscope at 4X magnification.
Discussion and Future Directions
To create more consistent, robust differentiation protocols, which are essential for clinical translation, it may be best to avoid Matrigel because of its lot-to-lot variability and the presence of mouse proteins. The lot-to-lot variability likely impacts the reliability of iPSC-CM differentiation results. Of the seven ECM proteins tested, we found three could successfully support early iPSC-CM in terms of growing to confluency, demonstrating these substrates may be useful for early iPSC-CM differentiation. Laminin-332, Laminin-521, and the combination of Laminin-221+521 were able to grow to 100% confluency by day 2 of differentiation. The Matrigel control was also able to grow to confluency but at a longer time scale and had a maximum confluency of 94.37%. It took Matrigel until day 6 to be at a confluency above 80%. Multiple substrates performed better than Matrigel when comparing percent confluency. All three of the ECM proteins are human proteins which could provide an advantage over Matrigel.
Date of contraction onset was recorded, it was found both Laminin-521 (11 days) and Laminin-221 + 521 (9.5 days) had contraction date onsets earlier than Matrigel (12.5 days), seen in Table 2.  These substrates out-performing Matrigel is notable since Matrigel is a combination of multiple ECM proteins and growth factors, whereas Laminin-221 + 521 and Laminin-521 are purified, individual ECM proteins. The other substrates mouse Laminin-111 and Laminin-332 had contraction dates later than Matrigel (16 days and 14.5 respectively). The variability in time for contraction onset is higher in Matrigel (± 3 days) possibly suggesting that a defined substrate leads to less variability in iPSC-CM differentiation. LN-221+521 had the lowest variability (± 0.5 days) as well as the soonest contractions observed (9.5 days). The other ECM proteins with contractions had less variability compared to Matrigel as well. Mouse Laminin-111 had a ±1 day variability, Laminin-332 had ±1.5 day variability, Laminin-521 had a ±2 day variability. It is promising Laminin-221+521 and Laminin-521 not only showed earlier dates of onset of contraction, but less variability as well, compared to Matrigel. 
Expression of maturation marker MYL7 was seen in mouse Laminin-111, Laminin-332, Laminin-521, Laminin 221+521, as well as in the Matrigel control seen in figure 5. Each well all had similar expression of MYL7 at the timepoints when fluorescence microscopy was observed. A quantitative analysis was not performed. A future step would be a quantitative analysis (measuring areas of fluorescence over time), and measuring the date of first fluorescence for each condition, to see how it potentially matches the date of contraction onset. Quantitative analysis would show which condition has a higher expression level of the maturation marker, suggesting which is more supportive of mature iPSC-CMs. A mistake made is that a nuclear marker was not used, like Hoechst, which would have allowed us to quantify the percentage of cells that expressed MYL7. The only time point MYL7 was checked was late in differentiation at day 31. The iPSC-CMs grown on mouse Laminin-111, Laminin-332, Laminin-521, Laminin-221+521, and the Matrigel control all fluorescently expressed MYL7 at day 31 of differentiation. These ECM proteins were the best performers out of the tested substrates in terms of onset of contraction and had the highest confluency over time.
Out of the seven ECM substrates tested, four of them; Laminin-221+521, Laminin-521, Laminin-332, and mouse Laminin-111, were able to grow to a confluency, had contractions present, and expressed maturation marker MYL7. The mixture of Laminin 221+521 had contractions at the earliest date of differentiation and showed the least variability in time it took for contractions to begin (9.5 days ± 0.5). The iPSC-CMs grown on Laminin-221+521 had grown to a confluency of 100% by day 2 of differentiation. The ECM proteins with iPSC-CMs present all had similar levels of MYL7 expression. Retesting these four ECM proteins will be important in determining possible substrate candidates for improving iPSC-CM differentiation protocols.
Future directions for this project to better elucidate which substrate can be used for the highest yield in mature iPSC-CM include retesting ECM proteins where iPSCs were differentiated into CM. Early time points of MYL7 expression could be assessed to investigate which substrate leads to earlier maturation. Further experiments could include RT-qPCR at different time points of differentiation for maturation genes completed on iPSC-CM grown on select ECM proteins will give quantifiable data on the level the gene is being expressed and which substrate begins expressing genes earlier. Another test for maturation of iPSC-CM is a myosin separating gel. A myosin separating gel separates the different isoforms of myosin protein allowing you to quantify the percentage of each. Healthy human cardiac cells are approximately 90% β myosin and 10% α myosin (Deacon et al., 2012). Further analysis is necessary to determine if culture on ECM proteins improve iPSC-CM differentiation. 
This honors thesis project aimed to investigate how human iPSC-CM differentiation is impacted by the ECM. Improvement of the differentiation protocol was measured by testing for speed of differentiation and maturation of iPSC-CMs. Speed was measured by analyzing speed at which a high percent confluency was achieved on each substrate and the date of contraction onset. Maturation was measured by MYL7 marker expression. Laminin-221+521 and Laminin-521 performed better to improve iPSC-CM differentiation compared to Matrigel. Both substrates had quicker onset of contraction when compared to Matrigel. Confluency of both Laminin-221+521 and Laminin-521 had a confluency of 100% by day two of differentiation while Matrigel did not reach a confluency of 80% until day 6 of differentiation. Laminin 221+521 had the quickest onset of contractions (day 9) and Laminin-521 had the second quickest (day 11). MYL7 expression was present in both iPSC-CM cultured on Laminin-221+521 and Laminin-521. ECM substrates can be used to improve iPSC-CM differentiation protocols by creating accurate cellular models and by making better heart tissues for regenerative medicine/heart transplant efforts. ECM proteins hold the advantage of being defined and being xeno-free over Matrigel. It is possible that by using an alternative substrate, such as other specific ECM protein(s), the maturity and efficiency of the differentiation process may be improved.
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Figure 4: iPSCs expand upon select extracellular matrix proteins over the course of cardiomyocyte differentiation.
iPSC-CMs cultured on different substrates, including different laminins (LN) or Matrigel (control), were imaged using bright field microscopy at 4X
magnification after media changes.
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