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ABSTRACT OF THE THESIS 

 

 

MicroRNA 653 targets Protein Kinase C Beta to regulate  

human embryonic stem cell differentiation 

 

by 

 

Mili Navani 

 

 

Master of Science in Biology 

University of California, San Diego, 2016 

Ulupi Jhala, Chair 

Amy Pasquinelli, Co-Chair 

 

A prevailing hypothesis in type 1 Diabetes (T1D) research is that replacing 

pancreatic β cells destroyed by autoimmune attack will restore euglycemia.  Human 

embryonic stem cells (hESCs) have the potential to differentiate into any somatic cell type, 

including β cells, making them ideal candidates for cell replacement therapies.  Although 

β cells derived from hESCs are currently being tested in T1D patients, a detailed 

understanding of the molecular mechanisms that regulate hESC differentiation at key 

points remains elusive. MicroRNAs are small, regulatory non-coding RNAs that play an 



 
 

ix 
 

essential role in directing hESC differentiation. Previously, microRNA653 (miR-653) has 

been shown to be upregulated during the transition of hESCs from pluripotency to 

definitive endoderm (DE). In the current study, the beta isoform of protein kinase C 

(PKCβ) was identified as a target of miR-653 in hESC. Consistent with its role in other 

cells, PKCβ was found to localize to centromeres in dividing hESCs and phosphorylate 

numerous substrates.  Misexpression of miR-653 in hESCs resulted in decreased 

expression of PKCβ, increased proliferation, and decreased expression of the transcription 

factor Oct4 (Octamer-binding protein 4).  Subsequently, we found that Oct4 and PKCβII, 

an isozyme of PKCβ, directly interact and that Oct4 is a PKCβII substrate.  Overexpression 

of miR-653 in early hESC differentiation resulted in a loss of expression of pancreatic 

endocrine markers, suggesting that the PKCβII/Oct4 axis plays an important role in 

determining cell fate.  Taken together, these studies provide insight into the role of miR-

653 in driving hESC fate decisions.    
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INTRODUCTION 

Autoimmune diseases represent a broad spectrum of conditions that result from an 

overactive immune system attacking the body’s normal self. There are currently more than 

80 diseases that fit under the autoimmune category. These include diseases such as Graves' 

disease, Systemic lupus erythematosus (lupus), Multiple sclerosis, Rheumatoid arthritis, 

and type 1 diabetes (T1D) (Goldman L et al, 2012). The prevalence of autoimmune 

diseases in America is hard to estimate due to a lack of epidemiological studies, but the 

American Autoimmune Related Diseases Association has estimated that 50 million 

Americans have an autoimmune disease (Tobias L, 2010). Autoimmune diseases are also 

known to be the leading cause of death in young and middle-aged American women (Walsh 

SJ et al, 2000). Yet, despite their alarming toll, the few treatment options available are 

often used to alleviate pain, other symptoms of the disease, or help manage the 

inflammation (Goldman L et al, 2012; Nikoopour E et al, 2008). A better understanding of 

the underlying mechanisms of autoimmunity can help provide a cure for many different 

autoimmune diseases and make an enormous impact in healthcare. 

T1D, formerly known as juvenile or insulin-dependent diabetes is one of the most 

common autoimmune diseases in America (Jacobson DL et al, 1997).  T1D occurs when 

the immune system attacks the insulin-producing pancreatic beta (β) cells. Insulin is a 

hormone that is released by β cells in response to protein and glucose in digested food 

(Joslin EP et al, 2005). Ubiquitously expressed insulin receptors respond to secreted insulin 

by increasing their glucose uptake, increasing glucose metabolism, increasing glycogen 

synthesis, and increasing fatty acid synthesis (White MF, 2002; Lee J et al, 1994). Thus, 
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insulin is a powerful regulator of metabolism. The lack of insulin in patients affected by 

T1D directly results in increased blood glucose and urine glucose levels. Other immediate 

symptoms may include increased urination, increased thirst, increased hunger, and weight 

loss (Cooke DW et al, 2008).  

Like most other autoimmune diseases, there is no cure for T1D. A person affected 

by T1D will eventually not be able to produce sufficient insulin to control their blood 

glucose levels and will require lifelong insulin therapy, among other complications (Cooke 

DW et al, 2008). Until autoimmunity is much better understood and the root cause of T1D 

can be directly addressed, one current goal of T1D therapies is to provide a sustainable 

source of insulin so that patients affected by T1D do not have to depend on insulin 

injections and regularly monitor their insulin levels. Established therapies that attempt to 

fulfill this goal include transplantation of whole pancreas or transplantation with cadaveric 

human islets (regions of the pancreas that contain insulin-producing beta cells). 

Transplantation of whole pancreas involves life-long immunosuppression, harsh side 

effects, and is thus usually performed only when patients are already being transplanted 

with a kidney (White et al, 2009). Transplantation of cadaveric human islets can make 

patients insulin independent for some years, but this therapy is also limited due to lack of 

quality donor islets (Robertson RP et al, 2000; Close NC et al, 2005; Bellin et al, 2012). 

Both types of transplantation are not ideal solutions for patients affected by T1D to become 

insulin independent. 

Another developing therapy that holds a lot of promise for the treatment of T1D is 

human embryonic stem cell (hESC) therapy. hESCs are isolated from the inner cell mass 
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of a blastocyst, the region from which an embryo begins to form. Defining characteristics 

of hESCs include pluripotency: their potential to differentiate into all the three germ layers, 

unlimited self-renewal, and infinite scalability. Their ability to differentiate into multiple 

cell types allows the possibility for stem cells to be used in hESC replacement therapy for 

patients afflicted with a disease, such as T1D, that results in a loss of a specialized cell 

type. Specifically, directed differentiation is a protocol to differentiate stem cells into a 

particular cell type in vitro using extracellular matrices and growth factors, mimicking 

embryonic development (Keller, 2005; Rizzino A, 2002; Spagnoli FM et al, 2006).  

Directed differentiation of stem cells has already been used in animal models to generate 

different types of mature cells and alleviate disorders such as arrhythmias, spinal injury, 

and blindness (Shiba Y et al, 2012; Keirstead HS et al, 2005; Lu B et al, 2009).  Because 

the T1D therapy would only require the production of one cell type, the pancreatic β cell, 

and transplantation protocols are already established, stem cell therapy, to develop beta 

cells for patients with T1D, seems like a potentially good solution to make patients with 

T1D insulin independent. Moreover, new technologies, such as encapsulation, are being 

tested in order to inhibit immune attacks on the transplanted β cells (Orlando et al, 2014). 

Encapsulation involves the sheathing of β cells to be transplanted in a semi-permeable 

membrane that allows the exchange of nutrients including oxygen and insulin, but not of 

immune cells, essentially halting an immune attack onto transplanted beta cells (Cogger K 

et al, 2014). The first clinical trial using encapsulated cell replacement therapy developed 

by ViaCyte has been taking place at UCSD since 2014 (Clinical Trials). 

Stem cell therapy for patients with T1D is contingent on the development of a 

scalable and efficient method to generate β cells from hESC in vitro. Recently, there has 
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been a breakthrough in optimizing the β cell differentiation from pluripotent hESCs to 

insulin-producing and glucose responsive cells that align with βcells in terms of gene 

expression and morphology from a human embryonic stem cell line (Pagliuca FW et al, 

2014). The protocol still requires optimization to become more efficient in producing β 

cells and also needs to be improved to deal with scalability in different cell lines and for 

mass production. However, this report demonstrates that this stem cell therapy field is 

rapidly developing and may start providing practical applications very soon.  

One way to study and optimize this differentiation protocol is to identify the key 

signaling pathways and regulating markers at each stage of the differentiation. Previous 

studies have shown that the pluripotent nature of stem cells is sustained by a balance of the 

Fibroblast growth factor (FGF), Transforming growth factor beta (TGF-β)/nodal/activin, 

and IGF/insulin signaling pathways (Chen G et al, 2011; Vallier L et al, 2005; Wang L et 

al, 2007; Wang X et al, 2009).  Disturbing this balance initiates differentiation of the 

pluripotent stem cells. Activation of the BMP/activin pathway and inhibition of the IGF 

signaling pathway leads stem cells to become committed mesendoderm cells, which are 

restricted to either mesoderm or endoderm precursors (Tada S et al, 2005; Singh AM et al, 

2012).  Further, activation of type II TGF-β receptors by activin confers definitive 

endoderm, which is the primary germ layer that develops into the glands (including the 

pancreas) as well as the epithelial linings for the respiratory and gastrointestinal systems 

(Grapin-botton A et al, 2007; Toivonen S et al, 2013). Activation of the retinoic acid 

signaling and inhibition of the Sonic hedgehog signaling pathway are very important in the 

next phase of development: differentiating endoderm cells into pancreatic progenitor cells 
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(Shiraki N et al, 2008; Huang W et al, 2014; Kim SK et al, 1998). The last phase is not 

well understood – converting pancreatic progenitors to mature and functional (insulin-

producing) pancreatic β cells.  Though unclear, Wnt signaling seems to be one pathway 

important in aiding this β cell maturation (Shi Q et al, 2013). 

Years of research in model organisms including mouse, chicken, zebrafish, and 

Xenopus have identified various genes and signaling pathways that are important for 

pancreatic development and that have since been applied to humans and used to optimize 

protocols for differentiating stem cells into pancreatic β cells (Gamer LW et al, 1995; 

Henry GL et al, 1998; Ninomiya H et al, 1999; Apelqvist A et al,  1999; Kim SK et al,  

2000; Hebrok M et al, 2000; Murtaugh LC et al, 2003; Kroon E et al, 2008; Rezania A et 

al, 2012). A common step among all the noted protocols for beta cell differentiation is the 

addition of phorbol esters, such as Phorbol 12,13-dibutyrate (PBDu) and (2S,5S)-(E,E)-8-

(5-(4- (Trifluoromethyl)phenyl)-2,4-pentadienoylamino) benzolactam (TPB), for 

enhanced expression of PDX1 and other pro-endocrine transcription factors (Chen S et al, 

2009; Rezania A et al, 2012). Phorbol esters are generally known to activate Protein Kinase 

C (Goel G et al, 2007).  

Protein Kinase C (PKC) is a family of kinases (isozymes) that phosphorylate a large 

variety of targets in almost every cell type from immune cells to neuronal cells. It plays a 

role in learning and memory, inflammation, receptor desensitization, and cancer biology 

(Dempsey EC et al, 2000). The variety of effects it causes is attributed to the cell-specific 

targets that it phosphorylates and its localization within cells (Biancani P et al, 1997; 

Fukahori H et al, 2014; Lau D et al, 2014). The effects are also isozyme dependent, as 
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different isozymes can even have opposing roles in the same cell system (Dempsey EC et 

al, 2000).  However, activation of PKC itself is dependent on Phosphoinositide-dependent 

kinase-1 (PDK-1), which has already been shown to be important in β cell development 

(Westmoreland JJ et al, 2009). Moreover, though PKC has not been excessively studied in 

terms of hESC differentiation, it likely plays a role in all the key signaling pathways 

associated with stem cell differentiation into β cells (Guo D et al, 2012; Kinehara M et al, 

2013; Tremmel DM et al, 2013). Its substrates are also established transcription/growth 

factors involved in stem cell differentiation (Hofland J et al, 2013; Marino JS et al, 2013; 

Liu A et al, 2014).  

This gives rise to the hypothesis that PKC affects differentiation from pluripotent 

stem cells to insulin-producing β cells. Understanding the role of PKCs in the 

differentiation process will allow for an optimized differentiation protocol for pancreatic 

progenitor cells.  While my thesis does identify PKC as a player in differentiation, our 

laboratory is also interested in understanding how PKC regulates other transcription factors 

during differentiation, particularly through microRNAs.  

MicroRNAs (miRNAs) are non-coding, regulatory RNAs, approximately 19-25 

nucleotides in length. These molecules have an immense biological importance, regulating 

at least half the transcriptome, including most of the major cell-signaling pathways 

(Pasquinelli AE, 2012; Bartel DP, 2004). Mature miRNAs induce posttranscriptional 

regulation of mRNAs results by participating in the RNA-induced silencing complex 

(RISC). RNA interference performed by this complex begins when the miRNA binds, often 

imprecisely (in animals) to the 3’ Untranslated Region of a messenger RNA (mRNA). 
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Posttranscriptional silencing by the rest of the RISC complex can follow in multiple ways: 

Argonaute (a protein in the RISC complex) induces endonucleolytic cleavage, 

deadenylation factors are recruited to catalyze removal of the poly (A) tail and to stimulate 

exonucleolytic degradation, and translation initiation or elongation is repressed 

(Pasquinelli AE, 2012; Yekta S et al, 2004; Braun JE et al, 2011; Wu L et al, 2006; 

Maroney PA et al, 2006; Petersen CP et al, 2006).  

The regulatory impact of miRNAs makes these small, non-coding RNAs an 

important part of the goal to understand the differentiation process of stem cells into β cells. 

Recent literature has indeed supported the idea that differentiation is, in part, regulated by 

miRNAs (Hinton A et al, 2012; Ivey KN et al, 2010; Martinez NJ et al, 2010; Qi J et al, 

2009; Hinton A et al, 2012; Lynn FC et al, 2007). Previously, the differentiation process 

of stem cells into definitive endoderm was found to have involved 37 down-regulated and 

17 up-regulated miRNAs (Hinton A et al, 2010). One of these upregulated miRNAs is 

microRNA 653 (miR-653). Encoded on Chromosome 7 within the intron of Calcitonin 

Receptor (CALCR), little is known about the targets and function of miR-653.  

My thesis thus aims to contribute to scientific knowledge by studying the role of 

miR-653 in definitive endoderm (DE) and pancreatic β cell development. We have 

constructed a miR-653 expression vector that we used to explore the impact of miR-653 in 

hESC function and differentiation. We identified the βII isoform of PKC as a miR-653 

target. Analysis of Caspase3 suggests that miR-653 does not influence apoptotic pathways, 

but increased Ki67 levels and decreased Oct4 levels after miR-653 transfection in cells 

differentiated to DE implies that miR-653 impacts proliferation and differentiation. 
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Marked decreases in pancreatic precursor molecules in cells that had been transfected with 

miR-653 and undergone the complete differentiation process to pancreatic endoderm cells 

further confirms that miR-653 plays a significant role in differentiation. A mechanism 

through which miR-653 can influence differentiation and proliferative processes through 

miR-653 induced inhibition of PKCβ is described. Overall, the data clarifies a role for miR-

653 as an important regulator in the differentiation of stem cells into pancreatic β cells.  
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MATERIALS AND METHODS 

Materials 

The following antibodies were used for Western Blots: PKCβII at 1:250 dilution 

(BD Biosciences, San Jose, CA, USA, Cat #610127); Heat Shock Protein (Hsp90) antibody 

at 1:1000 dilution (BD Biosciences, Cat# 610419); Phospho-(Ser) PKC Substrate Antibody 

at 1:1000 dilution (Cell Signaling, #2261S); Caspase 3 antibody at 1:1000 dilution (Cell 

Signaling, #9688); Oct4a antibody at 1:1000 dilution (Cell Signaling, #28905); Actin 

antibody at 1:1000 dilution (Sigma Aldrich, St. Louis, MO, USA, F3777). pCDNA3.1 

Recombinant PKCβII WT was a kind gift from Alexandra Newton.  The following 

antibodies were used for Immunofluorescence: Oct-4A at 1:800 (Cell Signaling,#2890); 

Ki-67 antibody at 1:800 dilution (Cell Signaling, #9449); PKCβII at 1:50 dilution (BD 

Biosciences, Cat #610127); Phospho-(Ser) PKC Substrate Antibody at 1:100 dilution (Cell 

Signaling, #2261S); Donkey anti-Rabbit IgG (H+L) Alexa Fluor® 568 conjugate at 1:500 

dilution (Thermo Fisher Scientific, Cat #A10042); Donkey anti-Mouse IgG Alexa Fluor® 

488 conjugate at 1:500 dilution (Thermo Fisher Scientific, Cat #A21202); and 4′,6-

Diamidino-2-phenyindole (DAPI), dilactate stain at 1:500 dilution (Sigma, Cat #D9564).  

Gö6976 was from EMD Millipore (Darmstadt, Germany). 

Generation of miR-653Expression Vector 

The miR-653 expression vector was generated based upon a modified HIV7-EG 

plasmid (a generous gift from Dr. Hinton (Hinton A et al, 2010)).  This vector utilizes an 

EF1α promoter upstream of the Multiple Cloning Site (MCS). The miR-653 precursor 

sequence was cloned in at the Not-1 restriction site using Polymerase Chain Reaction 
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amplification (PCR) from human genomic DNA using the following primers (Not-1 

restriction sites underlined): 5’-

ATTTGCGGCCGCTACAGTAACAGTGGAAATACGAC-3’ and 5’-

ATTTGCGGCCGCTACTGATGCAGATTATTACTGCTC-3’. To track expression of 

miR-653, an IRES sequence followed by an Enhanced Green Fluorescent Protein (EGFP) 

were added downstream of the MCS.  The resulting miR-653 expression vector was 

amplified in E. coli (DH10α) and purified for using Invitrogen’s PureLink HiPure Plasmid 

Filter Maxiprep Kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s 

protocol. A HIV7-EG plasmid without the miR-653, but expressing EGFP, was generated 

as a control.  

Cell Culture and Transfection 

293Ft human embryonic kidney (HEK) and HeLa cells were cultured in Dulbeco’s 

modification of Eagle’s medium (DMEM) supplemented with 10% FBS and maintained at 

37°C in a humidified (5% CO2) incubator. Cells were grown to approximately 70% 

confluence before transfection.  When used, 1 μg of miR-653, HIV7-EG, or PKCβII WT 

plasmids were transfected using either Effectene Transfection Reagent (Qiagen, Valencia, 

CA, USA) or Lipofectamine 3000 (Life Technologies, Carlsbad, CA, USA). Forty eight 

hours after transfections, cells were trypsinized, pelleted and stored at -80˚C.  

CyT49, a human embryonic stem cell line (NIH registry 0041), were cultured in 

DMEM/F12 supplemented with 20% knockout serum replacement, glutamax, nonessential 

amino acids, β-mercaptoethanol, penicillin/streptomycin (all from Life Technologies), 4 

ng/mL basic fibroblast growth factor (FGF; Peprotech, Rocky Hill, NJ, USA) and 10 
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ng/mL activin A (R&D Systems, Minneapolis, MN) on BD Matrigel and maintained at 

37°C in a humidified (5% CO2) incubator. CyT49 cells were transfected using the Neon 

Transfection system (Life Technologies). For 6 well plates, 2 million cells and 3 μg of 

miR-653 were pulsed twice at 1300V with a pulse width of 20mm. For 12 well plates, 500 

thousand cells and 1 μg miR-653 were pulsed twice at 1300V with a pulse width of 20mm. 

Differentiation Protocol  

CyT49 cells were differentiated according to the King Lab protocol, as described 

previously (Fogel GB et al, 2015; D'amour KA et al, 2006).  Media was added to 

differentiating CyT49 stem cells at 24 hour periods as follows: Day 0: RPMI-1640 media 

(Invitrogen) supplemented with Activin A (100 ng/mL; R&D Systems, Minneapolis, MN), 

Wnt3A (25 ng/mL, R&D Systems),and 0.2% Fetal Bovine Serum; Days 1-2: RPMI-1640 

media (Invitrogen) supplemented with Activin A (100 ng/mL) and 0.5% Fetal Bovine 

Serum); Day 3: RPMI-1640 media (Invitrogen) supplemented with Activin A (100 ng/mL) 

and 2% Fetal Bovine Serum; Days 4-6: DMEM /F12 media (Invitrogen) supplemented 

with KGF (50ng/mL) and 2% Fetal Bovine Serum; Days 7-10: DMEM media (Invitrogen) 

supplemented with 1% B-27 (Invitrogen, Cat# 17504-044), Noggin (100ng/mL, R&D 

Systems 1967-ng), Retinoic acid (2 μmol, Sigma R2625), SANT-1 (0.25 μmol, Millipore 

559303); Days 11-14: DMEM media (Invitrogen) supplemented with 1% B-27, Noggin 

(100ng/mL), Alk5 inhibitor II (1 μmol, ENZO ALX-270-445), TPB (50 nmol, Millipore 

565740). 

RNA quantification 



12 
 

 
 

mRNA was extracted from CyT49 cells using the RNeasy Mini kit (Qiagen). 1 μg 

of the total mRNA was used for quantitative Reverse Transcriptase Polymerase Chain 

Reaction (qRT-PCR) using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA) 

according to the manufacturer’s protocol. cDNA was used for quantitative PCR (qPCR) 

using the iQ5 real-time PCR detection system with IQ SYBR Green (Bio-Rad). 

Oligonucleotides used are shown below in Table 1. Glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) was used as a normalization control.  
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Table 1. Oligonucleotide Sequences used for qPCR RNA Quantification 

Gene Abbreviation Sequence 

Glyceraldehyde-3-

phosphate 

dehydrogenase 

GAPDH F TCG ACA GTC AGC CGC ATC TTC 

TTT 

GAPDH R ACC AAA TCC GTT GAC TCC GAC 

CTT 

Pancreatic and duodenal 

homeobox 1 

PDX1 F AAG TCT ACC AAA GCT CAC GCG 

PDX1 R GTA GGC GCC GCC TGC 

Neurogenin 3 Ngn3 F GCT CAT CGC TCT CTA TTC TTT 

TGC 

Ngn3 R GGT TGA GGC GTC ATC CTT TCT 

Sex Determining Region 

Y – Box 9 

Sox9 F AGT ACC CGC ACT TGC ACA AC 

Sox9 R ACT TGT AAT CCG GGT GGT CCT 

Somatostatin SST F CCC CAG ACT CCG TCA GTT TC 

SST R TCC GTC TGG TTG GGT TCA G 

Glucagon Glu F AAG CAT TTA CTT TGT GGC TGG 

ATT  

Glu R TGA TCT GGA TTT CTC CTC TGT 

GTC T 

Brachyury BRA F TGC TTC CCT GAG ACC CAG TT 

BRA R GAT CAC TTC TTT CCT TTG CAT 

CAA G 

 

Quantitative Western Blots  

Samples were solubilized in Lysis Buffer (150 mM NaCl, 50 mM Tris-HCl, 1% 

NP-40, 1% sodium deoxycholate, 10 μg/mL phenylmethanesulfonyl fluoride (PMSF), 10 

μg/mL leupeptin, 1 μg/mL microcystin) and diluted in Laemmli sample buffer. Equal 

amounts of lysates were loaded onto 10% SDS-PAGE gels and run at 150 Volts for 

approximately 1 hour in Running Buffer (25 mM Tris, 192 mM Glycine, 0.1% SDS, pH 

8.3). Protein was transferred to nitrocellulose at 300mA in Transfer Buffer (25 mM Tris, 

192 mM glycine, 20% methanol). The membrane was incubated for 30 minutes in blocking 

buffer (10 mM Hepes pH 7.4, 0.5 M NaCl, 3% Bovine Serum Albumin, 10% Fetal Bovine 

Serum).  Primary antibodies were diluted in buffer containing 10 mM Hepes pH 7.4, 0.5 
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M NaCl, 0.2% Tween-20, 1% Bovine Serum Albumin, 3% Fetal Bovine Serum at 4°C 

overnight. The membrane was washed three times in PBS-T and incubated with Li-COR 

secondary antibodies, either IRDye 800CW or IRDye 680LT (Li-COR, Lincoln, NE, USA) 

diluted 1:10,000 in antibody diluent. Protein expression was imaged using the Li-COR 

Odyssey Infrared CLx Imaging System and analyzed by ImageJ. 

Cell Imaging 

Cells were washed twice with PBS, fixed with 4% paraformaldehyde for 20 

minutes, washed twice with PBS, followed by permeabilization with PBS containing 0.2% 

Triton for 5 minutes. Cells were incubated in blocking buffer for 1 hour followed by 

overnight incubation with primary antibody. The next day, cells were washed 3X with PBS, 

followed by incubation for 1 hour in the appropriate secondary antibody.  After an 

additional three washes with PBS, the samples were mounted and images were acquired 

on a Zeiss Axiovert microscope (Carl Zeiss Microimaging, Inc., Pleasanton, CA, USA) 

using a MicroMax digital camera (Roper-Princeton Instruments, Trenton, NJ, USA) 

controlled by MetaFluor software (Universal Imaging, Corp., Bedford Hills, New York, 

USA). 

Purification of GST-Oct4 and PKCβII 

BL-21 cells were transfected with pGEX4T-1-Oct4-WT, a gift from James 

Thomson (Addgene plasmid #40633, Cambridge, MA, USA).  50 mL cultures were grown 

to mid-log phase and induced with 100 mM IPTG at 37˚C for 3 hours.   Cells were pelleted, 

diluted in Lysis Buffer (50mM Tris, pH 7.5, 150 mM NaCl, 5 mM MgCl2, 1 mM DTT, 1 

mM PMSF, and 1mM EDTA), treated with lysozyme (100 mg/mL) and DNase (20 
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mg/mL), before sonication.  Batch purification using glutathione sepharose beads was used 

to purify the GST-tagged protein.  Glycerol was added to 20% volume before measurement 

of GST-Oct4 concentration on a Coomassie brilliant blue stained gel.  PKCβII was purified 

similarly as previously described (Giorgione J et al, 2003). 

Immunoprecipitation 

GST-Oct4 attached to beads was incubated with lysates from HEK293 cells alone 

or transfected with PKCβII WT overnight at 4˚C in Lysis Buffer 2 (150 mM NaCl, 25 mM 

Tris-HCl, pH 7.5, 1 mM EDTA, 0.1 mM EGTA, 5 mM MgCl2, 1 mM dithiothreitol (DTT), 

10% glycerol, 150 IU/mL aprotinin, 2 μg/mL leupeptin, and 1 mM PMSF) containing 1% 

Triton X-100.  Beads were washed three times with 300 μL of lysis buffer containing 1% 

Triton X-100 and twice with 300 μL of 0.5 M NaCl. Immunoprecipitated proteins were 

separated by SDS-PAGE, transferred to nitrocellulose, and interactions detected using a 

Li-COR Odyssey Infrared CLx Imaging System and analyzed by ImageJ. 

In Vitro Kinase Activity Assay 

Purified GST-Oct4 and PKCβII were incubated in kinase buffer (50 mM Hepes, 

pH 7.5, 10 mM MgCl2, 2 mM MnCl2, and 0.2 mM DTT) containing 100 μM ATP. When 

added, MBP or GST alone were 1 μg. Kinase activity was measured in 50 μL reactions 

supplemented with 140 μM phosphatidylserine and Ca2+ as previously described 

(Giorgione J et al, 2003).  After 30 min at 30°C, Laemmli sample buffer was added to each 

sample at 4°C to stop the reaction. Samples were separated on SDS-polyacrylamide gels, 

followed by transfer to nitrocellulose for immunoblotting.   



 

16 
 

RESULTS 

MicroRNA 653 was previously identified by Affymetrix microarray assays and 

RT-PCR to be upregulated during definitive endoderm formation (Hinton A et al, 2010).  

A systematic bioinformatic search for potential miR-653 targets was conducted based on 

3’ UTR binding algorithms (PicTar and microRNA.org) and changes in mRNA levels as 

pluripotent hESC were differentiated into definitive endoderm (DE).  One protein that 

qualified as a potential miR-653 target whose mRNA levels decreased dramatically during 

differentiation was the beta isoform of protein kinase C (PKCβ). The conventional PKCβ 

itself has two isoforms, PKCβI and PKCβII, that are products of alternative splicing and 

differ in their amino acid sequences at the C-terminal region (Kawakami T et al, 2002).  

mRNA levels of PKCβ dropped approximately 5-fold in Cyt49 and H9 hESC between day 

0 and day 4 (Figure 1a).  To confirm these findings, protein levels of endogenous Oct4, a 

marker of hESC pluripotency, and PKCβII were measured at six different time points as 

CyT49 cells moved from pluripotency to DE (Times = 0, 16h, 1d, 2d, 3d, and 4d). As 

expected, Oct4 expression decreased steadily in CyT49 cells over the 4 day differentiation 

(Figure 1b, upper panel), consistent with cell fate determination.  During the first two days 

of differentiation, no change in PKCβII expression was observed.  This is consistent with 

low expression of miR-653 (data not shown).  However, between days 2 and 4, PKCβII 

protein levels decreased 3-fold (Figure 1b, middle panel).  Quantification of the decrease 

in PKCβII expression is shown in Figure 1b (lower panel).  To further explore regulation 

of endogenous PKCβ expression, a miR-653 vector was constructed and overexpressed in 

HeLa cells.  Cells transfected with a vector control expressed relatively high levels of 

endogenous PKCβII (Figure 1c).  Transfection of miR-653 into HeLa cells decreased 
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endogenous PKCβII expression by 32%, 53%, and 61%, respectively, validating PKCβII 

as a target of miR-653.  HeLa cells are a commonly used cell for biological study and easily 

transfected, while hESCs are much more difficult to transfect. We next wanted to optimize 

miR-653 expression in hESCs. In control experiments, we found that hESCs could not be 

efficiently transfected using commercially available, lipid-based transfection reagents 

(data not shown).  One alternative to this was to use the Neon transfection system, a newer 

generation for electroporation.  After optimization, we were able to transiently transfect 

HIV7-EG miR-653 vector containing a Green Fluorescent Protein (GFP) into hESC with 

a very high efficiency ~80-85% (Figure 1d). When compared to vector treated controls, 

PKCβII protein levels were dramatically decreased in all cells transfected with the miR-

653 vector (Figure 1e). miR-653 significantly altered PKCβII expression, not PKCβI; thus, 

future experiments focus on the role of PKCβII as a miR-653 target during hESC 

differentiation.  
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Figure 1. miR-653 Targets PKCβ (a) Result of Affymatrix microarray analysis of miRNA screen 

suggesting that PKCβ is a target of miR-653 in two separate hESC lines: CyT49 and H9 cells; (b) Upper 

panel: pictorial overview of stages of differentiation from pluripotent hESC to definitive endoderm (DE), 

middle panel: Western Blot of Oct4 (top), PKCβ (middle), and Actin (control; bottom) from lysates of CyT49 

cells taken from different points during differentiation, lower panel: ImageJ quantification of PKCβ 

expression; (c) Quantification of PKCβ expression in HeLa cells transfected with empty vector (HIV7-EG), 

or with a single miR-653 prepared using three different methods; the HIV7-EG miR653S preparation was 

used for all subsequent studies; (d) Transfection efficiency of HIV7-EG miR653S in CyT49 cells. Left panel: 

GFP expression of the miR-653 construct Right Panel: Corresponding brightfield image of cells shown in 

left panel; (e) ImageJ quantification of PKCβ expression in Cyt49 cells that were transfected with either a 

mock transfection, HIV-7EG vector, or HIV7-EG miR-653 vector.  
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PKC activity during hESC differentiation 

Most protocols that attempt to derive glucose-responsive, insulin-secreting cells 

from hESC add phorbol esters or other known PKC activators to the media at specific 

stages during differentiation, suggesting that selective activation of PKC is critical to drive 

pancreatic endoderm formation (Rezania A et al, 2012; Pagliuca FW et al, 2014). In each 

protocol, addition of PKC activators occurs late during differentiation, indicating that 

active PKC plays a critical role in development of pancreatic endocrine cells.  The role of 

PKC activity during early differentiation, especially during the transition from 

pluripotency to DE, is unexplored.  To monitor PKC activity during hESC differentiation, 

CyT49 cells were lysed at various days during the 14 day differentiation protocol.  Whole 

cell lysates were separated by SDS-PAGE and analyzed by Western blot using a PKC 

phospho-substrate antibody.  Figure 2 shows a representative phosphorylation pattern.  A 

number of distinct bands can be seen in pluripotent cells (Day 0; lane 1), and 

phosphorylation is decreased by Day 4 (lane 2).  Beginning at Day 10, coinciding with the 

addition of phorbol esters, robust and sustained phosphorylation is observed throughout 

the remainder of the differentiation protocol (lanes 3-5).  The results of these experiments 

are consistent with lower PKC activity during DE formation when expression of PKCβ 

isozymes is decreased. 
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Figure 2. Changes in PKC Substrate Phosphorylation Profiles at Various Stages in hESC 

Differentiation.  Lysates from CyT49 cells were analyzed at Day 0, 4, 10, 12, and 14 during differentiation 

from pluripotency to pancreatic endocrine cell genesis. Upper panel: PKC substrate phosphorylation was 

monitored by Western Blot. Lower panel: control Western blot for actin. 

 

Endogenous PKCβII is active and localized to centromeres in pluripotent CyT49 cells. 

Previously, PKCβII was found to be localized to the nucleus of cells, scaffolded to 

the centrosomal protein perecentrin (Chen D et al, 2004). Incubation with peptides that 

specifically disrupted this interaction resulted in release of PKCβII from the centrosome, 

microtubule disorganization, and cytokinesis failure, suggesting that PKCβII played a role 

in cell proliferation. We next wanted to determine whether endogenous PKCβII was 

localized to centrosomes in the nucleus of pluripotent hESCs.  In cells not undergoing 

mitosis, PKCβII was diffusely localized throughout the cell in both the cytosol and nucleus.  

In replicating cells, PKCβII was observed in the nucleus at centromeres (Figure 3; blue 

(DAPI) and red (PKCβII; see arrows)).  Interestingly, these cells also strongly reacted with 

antibodies to phospho-PKC substrate (green), suggesting that PKCβII is most active during 

the cell cycle.  Additionally, it has been previously reported that several PKC isozymes can 

target cell cycle proteins to control G0/G1 → S and/or G2 → M transition (Black AR et al, 
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2012). Our next step was to identify which major cell processes miR-653 influences during 

differentiation. Due to the localization of PKCβII, a miR-653 target, in the nucleus of 

replicating cells, we hypothesized that miR-653 could play a role in apoptosis, 

proliferation, and differentiation into DE. 

 

Figure 3. PKCβII Localizes to Centromeres in Dividing hESCs. Three different fields of pluripotent 

CyT49 cells stained for endogenous PKCβII (red), phospho-PKC substrate (green), and DAPI (blue). Arrows 

point to cells that are undergoing mitosis.  In these cells, endogenous PKCβII is concentrated around the 

nucleus and the cells are heavily stained for with the phospho-substrate antibody indicating increased 

enzymatic activity. 

miR-653 inhibition of PKCβ has no effect on apoptosis.  

Other PKC isozymes, such as PKCδ and PKCε, have previously been demonstrated 

to be mediators of apoptosis, or programmed cell death (Bullenkamp et al, 2015; Halder K 

et al, 2014; Chen Z et al, 2014). PKCβII may also play a role in mediating apoptosis while 

localized in the nucleus of embryonic stem cells.  Apoptosis is usually triggered by an 
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extrinsic/death receptor or intrinsic/mitochondrial pathway, each pathway with their own 

initiator complexes. However, both pathways converge with the cleavage of the 

executioner caspase – Caspase-3 (Casp3). Maintained in the cell as an inactive, procaspase 

dimer, the cleavage of Casp3 induces a conformational change that couples the active sites 

on the dimer to form a functional protease. Once Casp3 has been activated, it rapidly 

cleaves many important substrates, such as Caspase Activated DNAse (CAD) and gelsolin 

that lead to the irreversible outcome of apoptosis (Okada H et al, 2004; Elmore S, 2007; 

Mcilwain DR et al, 2013). Apoptosis is minimized in stem cell self-renewal, yet seems to 

play an essential role during hESC differentiation (Abdul-ghani M et al, 2008). For 

example, Casp3 facilitates differentiation by cleavage of Nanog, a stem cell marker (Fujita 

J et al, 2008). To determine whether miR-653 influences apoptosis or differentiation 

through Casp3, Western blot analysis was performed on 293Ft and CyT49 cells. 293Ft 

cells were transfected with increasing concentrations of HIV7-EG miR-653 to determine 

whether adding exogenous miR-653 causes significant changes in levels of cleaved Casp3. 

Figure 4a shows that transfections of cells with either 1 µg or 3 µg of miR-653 did not 

significantly alter the amount of cleaved Casp3 in cells 48 hours after transfection 

compared to cells that were mock treated or treated with the vector alone.  Quantification 

of Casp3 expression is shown in Figure 4b. To confirm that miR-653 does not alter 

apoptosis in pluripotent hESCs undergoing DE formation, CyT49 cells were transfected 

HIV7-EG miR653 and directed to DE. Lysates were collected each day during the four day 

DE formation protocol and compared to expression of cells transfected with HIV-7EG 

(Figure 4c).  Although inconsistent levels of Casp3 were observed at each day, no 

statistically significant sustained increase or decrease of Casp3 was observed from any cell 
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line treated with miR-653 (Figure 4d). These results indicate that misexpression of miR-

653 in hESC during DE formation does not play a significant role in mediating early 

apoptosis.  

 

Figure 4. miR-653 Overexpression Yields no Change in Rates of Apoptosis (a) Western blot of Casp3 

expression as measured in lysates from 293Ft cells 48 hours after transfection with no DNA (Mock), HIV-

7EG vector alone, 1 μg miR-653, or 3 μg miR-653 (b) Quantification of Casp3 expression in 293Ft cells. (c) 

CyT49 cells were either mock transfected or transfected with HIV-7EG-miR-653 and differentiated to DE. 

Lysates were taken each day during the 4 day differentiation for analysis of Casp3 expression. (d) 

Quantification of Casp3 expression in CyT49 cells.  In both experiments, Casp3 levels were normalized to 

Hsp90 expression. 

miR-653 increases hESC proliferation. 

hESCs have a near unlimited potential for proliferation, a property that decreases 

as cells exit pluripotency and become lineage restricted.  One of the potential roles that 

PKCβII can play when it is localized to the hESC nucleus is to control proliferation rates.  

Multiple lines of evidence indicate that PKCβII can act as both a positive and negative 

regulator of cell cycle progression in other cell lines (Black AR et al, 2012). Preliminary 
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results indicate that endogenous expression of miR-653 is very low in pluripotent cells and 

then increases dramatically during the first four days of differentiation, until cells reach 

DE.  During this same time, cell proliferation rates change. Given the localization of 

PKCβII at centromeres and previously described roles in regulating cell proliferation, we 

hypothesized that early expression of miR-653 in pluripotent hESC would alter cell 

proliferation and cell fate decisions.  Pluripotent CyT49 cells were transfected with HIV-

7EG vector alone or with HIV-7EG miR-653.  After 24 hours, over 80% of the cells 

expressed EGFP and differentiation towards DE was begun.  At 24 hour intervals, 

differentiating cells were fixed and imaged for Ki-67, a commonly used marker of cell 

proliferation that is present in the cell during the entire growth phase of the cell, absent 

only in the G0 resting phase (Scholzen T et al, 2000) (Figure 5a). The top panel shows the 

image captured of both DAPI and Ki67 for both mock vector transfected and miR-653 

transfected cells.  To quantify, images were converted to black and white using ImageJ 

software (middle panels of Figure 5a). To eliminate human error or bias, the processed 

images were counted automatically by the ImageJ software (bottom panel). The number of 

proliferating cells detected in a given field was calculated based on the number of Ki67 

positive cells as a function of the total cells.  For each condition, at least 2,000 cells were 

analyzed.  Ki67 expression, as quantified by ImageJ analysis, showed that 34.7% of cells 

transfected with HIV-7EG miR-653 were proliferating, compared with only 22.2% of cells 

transfected with vector alone. (Figure 5b).  The results suggest that increased expression 

of miR-653 is sufficient to alter hESC proliferation.  However, a direct link between miR-

653, PKCβII, and proliferation had yet to be established (see Discussion). 
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Figure 5. miR-653 Overexpression Increases CyT49 Proliferation (a) Ki67 expression (green) in CyT49 

cells transfected with HIV-7EG-miR-653 compared to mock transfected cells. Upper panels: unprocessed 

image; middle panels: automated ImageJ detection of cells; bottom panels: ImageJ cell count with value listed 

below.  Cells transfected with HIV-7EG vector alone had no effect on Ki67 expression (data not shown) (b) 

Quantification of Ki67 positive cells normalized to DAPI (blue) positive cells. p < 0.05 
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PKCβII binds and phosphorylates Oct4. 

Large scale biological changes in hESC including apoptosis and proliferation are 

complicated processes that require multiple biological inputs and highly unlikely to be 

regulated through a single miRNA-protein link.  Therefore, we next wanted to focus on a 

specific link and determine whether misexpression of miR-653 during DE formation was 

important to regulate early differentiation events that ultimately drive the genesis of 

pancreatic β cells. Specifically, we wanted to explore whether a direct link exits between 

PKCβII and Oct4 that could provide insight into hESC transition from pluripotency into 

DE.  Oct4 is a classical pluripotency marker whose expression steadily declines during DE 

formation under standard differentiation conditions (Figure 1).  The activity of Oct4 has 

previously been demonstrated to be regulated by multiple post-translational modifications, 

including ubiquitination, sumolyation, and phosphorylation (Liao B et al, 2010; Yao Y et 

al, 2014; Wu Y et al, 2012; Wei F et al, 2007; Brumbaugh J et al, 2012). In initial 

experiments, we wanted to determine whether PKCβII could interact with Oct4.  293ft cells 

were transfected with a PKCβII vector to increase the amount of PKCβII expressed in cells. 

Lysates of these samples were incubated with purified recombinant GST-Oct4 attached to 

glutathione beads.  Proteins attached to the beads were separated by SDS-PAGE and 

immunoblotted for PKCβII (Figure 6a). In control experiments, GST beads alone or Oct4-

GST beads incubated without cell lysates did not show interaction with PKCβII, as 

expected (lanes 2 and 3).  However, when GST-Oct4 was incubated with 293ft cell lysate 

containing overexpressed PKCβII (lane 4), an interaction between the two proteins was 

observed.  Additionally, an interaction of endogenous PKCβII with GST-Oct4 was 
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observed when high concentrations of 293ft lysate were added (lane 5).  Control expression 

of endogenous PKCβII is shown in lane 1.   

The interaction between PKCβII and Oct4 suggested that Oct4 might be a substrate 

for PKCβII.  Using the PhosphoSite Plus website 

(http://www.cellsignal.com/common/content/content.jsp?id=phosphositeplus) to explore 

Oct4 phosphorylation sites observed in mass spectrometry screens, we identified two 

primary types of phosphorylation sites: proline directed and basophilic (Figure 6b).  

Proline directed phosphorylation sites (S/T-P) tend to be substrates for MAPK/Erk protein 

kinases, while basophilic phosphorylation sites (R/K-R/K-X-S/T) are normally substrates 

for AGC family kinases members (PKA, PKC family, and Akt).  Previous work by Spelat 

et al. found that phosphorylation of Oct4 at serine 111 (S111), a proline directed 

phosphorylation site, resulted in increased ubiquitination of Oct4 and enhanced 

degradation in the cytosol (Spelat R et al, 2012).  In other work, Brumbaugh and colleagues 

found that phosphorylation of Oct4 at two basophilic sites (serine 234/235 (Ser234/235)) 

disrupted DNA binding, reduced transcriptional activation, and decreased the ability of 

cells to remain pluripotent (Brumbaugh J et al, 2012).  We next sought to determine 

whether PKCβII could phosphorylate Oct4 using an in vitro kinase assay. The Western blot 

in Figure 6c shows that incubation of recombinant PKCβII (a kind gift from Alexandra 

Newton, Ph.D.) with the known substrate myelin basic protein (MBP; 1 µg/µL) caused an 

increase in protein detected by a phospho-PKC substrate antibody (lane 2).  A strongly 

phosphorylated band was specifically observed in mixtures containing GST-Oct4 (lane 4), 

but not in samples containing purified GST alone (lane 3).  These results are consistent 

with PKCβII as a kinase that phosphorylates Oct4. No phosphorylation was detected when 

http://www.cellsignal.com/common/content/content.jsp?id=phosphositeplus
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PKCβII was omitted from the incubation mixture (lane 1).  In each sample incubated with 

PKCβII, kinase autophosphorylation was detected (lanes 2-4).  Taken together, these 

results indicate that PKCβII can bind and phosphorylate Oct4, suggesting that miR-653, 

through PKCβII, may influence hESC pluripotency and differentiation. 

Next, we wanted to determine whether PKC phosphorylation of Oct4 occurred in 

hESC during differentiation.  Pluripotent CyT49 cells, or cells at Day 2 or Day 4 during 

differentiation were incubated alone (φ) or in the presence of the conventional PKC 

isozyme inhibitor Gö6976 (125 nM).  Cells were lysed and separated by SDS-PAGE 

followed by Western blotting.  Total phospho-PKC substrate phosphorylation decreased 

during DE formation as previously described (Figure 6d, top panel lanes 1-3).  As 

expected, incubation with Gö6976 decreased total phosphorylation (compare lanes 1-3 

with lanes 4-6 in the top panel).  When the Western blot was re-probed (middle panel), the 

phosphorylated band just above 37 kDa aligned with Oct4.  Specifically, the bands in lanes 

1-3 of the middle panel show a band shift that aligned with the phospho-specific PKC 

substrate band, suggesting that phosphorylation of Oct4 by conventional PKC isozymes 

results in a band shift.  In samples treated with Gö6976, the band is collapsed.  Consistent 

with our in vitro kinase data, inhibition of PKC activity reduced the intensity of the signal 

detected.  Taken together, these results indicate that Oct4 binds and is phosphorylated by 

a conventional PKC isozyme in hESCs. 



29 
 

 
 

  

Figure 6. PKCβII Binds Oct4 (a) Immunoprecipitation experiment between GST-Oct4 and PKCβII. 

Lane 1 is a whole cell lysate control. Lanes 2 and 3 of the immunoprecipitation (GST and GST-Oct4) 

are control samples of beads that were incubated without lysate.  Lane 4 shows an interaction between 

GST-Oct4 and overexpressed PKCβII.  Lane 5 shows a faint interaction between endogenous PKCβII 

and GST-Oct4. (b) Screen results for potential proline-directed and basophilic protein kinase sites on 

Oct4. Orange highlighted sites show identified proline directed kinase phosphorylation sites; green 

highlighted sequences show identified basophilic phosphorylation sites 
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Figure 6. PKCβII binds Oct4 continued (c) Kinase Assay was performed for PKCβII and Oct4. Lanes 1 

and 3 are negative controls. Lane 2 is a MBP positive control. Lane 4 is the experimental test. (d) Western 

Blot of PKC Phosphorylation in CyT49 cells. Upper panel: lanes 1-3 show phosphorylation of a cells 

grown with a Phi (φ) treatment during differentiation until DE; lanes 4-6 show phosphorylation of cells 

grown with a Gö6976 PKC inhibitor during the same differentiation process. Middle panel: reprobed gel 

for Oct4. Bottom Panel: reprobed gel for HSP90 as loading control.  

 



31 
 

 
 

miR-653 decreases expression of Oct4. 

  Once we established that Oct4 is both an interacting partner and substrate of PKC, 

we next wanted to test whether miR-653 alters the rate at which hESCs exit pluripotency.  

CyT49 cells were transfected with HIV-7EG miR-653, followed by the four day 

differentiation to DE. At 24 hour points during differentiation, Oct4 expression in all cells 

was measured by Immunohistochemistry (for both Oct4 and DAPI) and ImageJ 

quantification as described previously (Figure 7 a-b). GFP expression (data not shown) 

was also observed to ensure transfection efficiency of greater than 80%. By Day 4, when 

cells reached DE, Oct4 expression in both sets of cells had decreased as expected.  The 

decrease in Oct4 observed in vector transfected cells was not statistically different from the 

amount of Oct4 observed in untransfected cells (data not shown).  However, cells 

transfected with HIV-7EG-miR-653 had significantly less Oct4 expressed than cells 

transfected with HIV7-EG vector alone, 76.3% vs. 59.0%, suggesting expression of miR-

653 plays a critical role in regulating exit from pluripotency.  
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Figure 7. miR-653 Overexpression Decreased Oct4 (a) Oct4 expression (green) in CyT49 cells 

transfected with HIV-7EG-miR-653 compared to mock transfected cells. Upper panels: unprocessed 

image; middle panels: automated ImageJ detection of cells; bottom panels: Image J cell count with 

value listed below. Cells transfected with HIV-7EG vector alone had no effect on Oct4 expression 

(data not shown). (b) Quantification of Oct4 positive cells normalized to DAPI (blue) positive cells. p 

< 0.05. 
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Impact of miR-653 on hESC differentiation to pancreatic endocrine cells 

The rate at which Oct4 degrades has been previously implicated as a critical driver 

of cell fate (Zeineddine D et al, 2014).  Therefore, we next wanted to investigate whether 

misexpression of miR-653 modified differentiation and influenced cell fate.  In order to do 

so, CyT49 cells were either transfected with empty vector or with miR-653 and 

differentiated to pancreatic endocrine cells using the 15 day protocol from the Kieffer 

laboratory. Initially, we wanted to determine whether early changes in gene expression 

could be detected by RT-PCR.  A number of genes expressed in mesendoderm and DE 

were analyzed including FOXA2, CXCR4, SOX17, CER, NCAD, and BRA.  The only 

gene that was elevated was the transcription factor Brachyury (BRA), which is best known 

for encoding the T gene (Edwards YH et al, 1996).  Early expression of Brachyury is a 

marker of mesendoderm and mesoderm lineage (Tada S et al, 2005; Kubo A et al, 2004).  

Cells transfected with miR-653 displayed a two-fold increase in Brachyury expression as 

measured by RT-PCR, compared with mock transfected cells (Figure 8a).  Although not 

statistically significant (p=0.056), the results suggested that overexpression of miR-653 

could help direct cell fate.  Subsequently, we examined expression of common pancreatic 

endocrine cell markers (Day 15) by RT-PCR. Pancreatic endocrine cells are characterized 

by the presence of a few transcription factors and hormonal markers that are required to 

build a pancreatic endocrine identity. In particular, we examined PDX1, Ngn3, and Sox9 

transcription factors. PDX1 is a necessary transcription factor that is required for β (and 

delta) cell differentiation, maturation, and survival. Ngn3 is necessary for β (and α) cell 

differentiation. Sox 9 is required to maintain pancreatic endocrine progenitor, not mature, 

cells. Somatostatin (SST) and Glucagon (Glu) are two hormones produced by delta (δ) and 
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alpha (α) cells respectively. In all in vitro experiments, we also attempted to measure 

insulin transcript levels. However, in all conditions (which is common) the levels of insulin 

were too low to detect. We observed dramatic changes in expression levels of multiple 

markers of pancreatic endocrine cells.  Specifically, Expression of PDX1 and Ngn3 were 

both decreased by 94% (Figure 8b and c).  Expression of hormones also dropped 

dramatically.  SST transcript levels dropped 98% and glucagon levels fell 90% (Figure 8d 

and e). However, no significant change in expression of Sox9 was observed between miR-

653 transfected cells and mock transfected cells at Day 15 (Figure 8e). Although Sox9 is 

known for its role in inducing endocrine differentiation and maintaining pancreatic 

progenitor cells, its presence in the cell is probably more important in the early stages of 

differentiation, when miR-653 is also normally expressed by the differentiating stem cell 

(Seymour PA et al, 2007). The presence of Sox9 and miR-653 at the same stages of 

differentiation help support that miR-653 does not play an inhibitory role on Sox9. 

Furthermore, it suggests that though miR-653 affects differentiation, it doesn’t affect it to 

inhibit the pancreatic progenitor identity of the cell. The decrease of all pancreatic 

endocrine markers, including those not specific to those of the β cell, implicate miR-653 

in dramatically affecting the differentiation of stem cells into pancreatic endocrine cells. 

These include not only the β cells, but also the α and δ cells of the pancreatic islets. 

Understanding this relationship better can help optimize differentiation protocols to 

produce all pancreatic endocrine cells with higher efficiencies. 

Taken together, the results from these studies suggest that miR-653 regulates 

expression of protein kinase PKCβII.  This kinase binds and phosphorylates the 
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pluripotency factor Oct4, resulting in changes in transcriptional activity and rate of 

degradation.  The altered rate of Oct4 degradation alters cell fate decisions ultimately 

resulting in a loss of pancreatic endocrine cell formation. 
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Figure 8. Overexpression of miR-653 regulates expression of pancreatic endocrine cell markers 

CyT49 cells were transfected with either miR-653 or control vector 24 hours prior to differentiation.  Over 

80% of cells were transfected as measured by GFP expression (data not shown).  The first set of cells were 

lysed and mRNA prepared after 4 days of differentiation, mRNA from the remaining cells was processed 

after the differentiation to pancreatic endocrine cells was completed (Day 15). mRNA from Day 4 was 

analyzed for expression of the early endoderm markers FOXA2, CXCR4, SOX17, CER, NCAD, and BRA.  

No change in expression was observed for any genes, except BRA (Brachyury, panel A).  mRNA from Day 

15 samples was analyzed for expression of (b) PDX1, (c) Ngn3, (d) Sox9, (e) Somatostatin (SST), and (f) 

Glucagon. 
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DISCUSSION 

miR-653 regulation of PKCβ 

miRNAs are increasingly recognized as critical regulators of hESC function and 

differentiation (Hinton A et al, 2012). The function of miR-653, a miRNA transcribed from 

the intronic region of the Calcitonin Receptor gene, has not yet been explored, despite 

evidence from global microRNA and Next Generation Sequencing studies identifying 

miR-653 as a miRNA whose expression changes dramatically during early hESC 

differentiation (Hinton A et al, 2010).  To explore the role of miR-653, we performed a 

bioinformatics analysis to predict potential targets (Figure 1a) and identified Protein 

Kinase C Beta II (PKCβII). Previous analysis of miR-653 predicted targets likely did not 

identify PKCβII as a target because the established seed sequence of miR-653 present in 

databases (miRBase.org, microRNA.org, and miRDB.org) is actually a miR-653 isozyme.  

The King Lab has found very low expression of the miR-653 isozyme reported in databases 

in hESC, while a different isozyme (which contains a different seed sequence) appears to 

be the more biologically relevant during the differentiation of hESCs into DE (Hinton A et 

al, 2010). Indeed, when tested in HeLa and CyT49 cells, overexpression of our miR-653 

isozyme caused a significant decrease of endogenous PKCβII expression (Figure 1c). As 

expected, expression of the other miR-653 isozyme did not result in downregulation of 

PKCβII (data not shown). This miRNA/mRNA pair makes biological sense when 

expression patterns of miR-653 and PKCβII during DE differentiation are explored: levels 

of miR-653 increase until DE differentiation, while PKCβII levels decrease as cells 

differentiate into DE (Figure 1b). One explanation for why there is such a strong 

interaction between miR-653 and PKCβII is that there are multiple miR-653 target sites 
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located on PKCβII. Although it is likely that other microRNAs may also regulate the 

expression of PKCβII, miR-653 appears to play a critical role in regulating expression of 

this protein kinase.   

PKCβII and cell cycle regulation 

Growing evidence suggests that PKCβII plays a critical role in the regulation of cell 

cycle and proliferation.  Reduced expression of PKCβII in T-cells fail to produce 

polarization in its microtubule network, and reduced expression of PKCβII in K562 

erythroleukemia cells fail to disassemble the nuclear lamina during the G2/M transition 

(Gregorio CC et al, 1994; Goss VL et al, 1994).  Meanwhile phorbol esters, activators of 

PKC isozymes, expedite microtubule reorganization and disrupt cell cycle (Chen D et al, 

2004). Despite the growing evidence for this kinase in regulating cell cycle, the role of 

PKCβII in stem cells has not yet been defined. Localization of PKCβII in CyT 49 stem 

cells showed that PKCβII is endogenously expressed throughout the cell (Figure 3). 

However, it is localized to centromeres in cells that are undergoing cell division. The co-

localization of PKC phosphorylation activity with the localized PKCβII in the dividing 

cells supports our hypothesis that PKCβII is active in the nucleus and involved in cell cycle 

regulation (Figure 3). Previously, it has been shown that pericentrin is a scaffold protein 

for PKCβII in a human kidney cell line. Pericentrin anchors microtubules at the centromere 

to play a role in modulating spindle assembly and chromosome segregation (Doxsey SJ et 

al, 1994). Here, we show that PKCβII localizes to similar areas as pericentrin in replicating 

hESCs, which suggests that PKCβII may interact with pericentrin in stem cells as well.  

Ongoing studies will define this interaction in hESC during DE formation and we will 

employ selective disruptors of the PKCβII/pericentrin interaction to explore the role of 
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PKCβII in hESC proliferation, with a particular emphasis on the effects on the cell cycle 

progression.  Consistent with a dramatic drop in PKCβII expression, we found that PKC 

kinase activity changes towards multiple substrates during DE differentiation. After DE 

formation, PKC activity recovers and becomes more active in the later stages of pancreatic 

endocrine specification (Figure 2). The change in phospho-PKC substrate phosphorylation 

cannot be attributed to a large increase in PKCβII expression as the protein levels of 

endogenous PKCβII remain low (data not shown). Whether other PKC isozymes play a 

role in hESC differentiation is currently being investigated.   

miR-653 regulation of apoptosis, proliferation 

PKCβII localization at centromeres suggests a role for this kinase in cell cycle 

regulation. To clarify the larger impact of PKCβII regulation, we explored the effects of 

miR-653 on indirect cell processes related to the cell cycle, including apoptosis and 

proliferation. Though neither miR-653 nor PKCβ have previously been studied in this 

regard, other PKC isozymes have been known to mediate apoptosis and proliferation 

(Garavello NM et al, 2013; Bullenkamp et al, 2015; Halder K et al, 2014; Chen Z et al, 

2014). Caspase3 levels, a measure for apoptosis, were not statistically different between 

control cells and cells transfected with miR-653 (Figure 4b). However, Ki67 levels were 

significantly increased in hESC transfected with miR-653 when compared to control cells, 

suggesting that PKCβII plays a role in cell proliferation (Figure 5). This data supports our 

hypothesis that miR-653 induced PKCβII repression significantly impacts the cell cycle. 

The miR-653-induced increase in proliferation in stem cells is interesting because 1) a 

single microRNA has been identified that regulates stem cell, and 2) cell proliferation is a 

major driver of stem cell differentiation.  Proliferation decreases as stem cells transition 
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into DE and further into pancreatic endocrine cells. Since miR-653 is expressed until the 

first four days of differentiation (DE formation), our data suggest a need for the cells to 

retain this stem cell characteristic until at least this stage. 

miR-653 decreases Oct4 expression 

Endogenous miR-653 expression increases during the transition from pluripotency 

to DE.  From this observation, we wanted to investigate whether miR-653 had a role in 

exiting pluripotency. Oct4 is one of the four core transcription factors that maintains 

pluripotency in the stem cell and, when exogenously added, can even help revert a 

differentiated cell back into an induced pluripotent stem cell (Shi G et al, 2010). Thus, 

Oct4 was used as a measure of the pluripotency of differentiating cells. The activity of Oct4 

can be influenced in multiple ways including, but not limited to, ubiquitination, 

sumolyation, and phosphorylation. In particular, studying the phosphorylation of Oct4 was 

an attractive option since we previously identified that miR-653 induces the repression of 

PKCβII kinase. To determine whether PKCβII and Oct4 interacted, we performed co-

immunoprecipitation assays and found that the two proteins interact (Figure 6a). An in 

silico screen of potential phosphorylation sites on Oct4 and phospho-mass spectrometry 

screen of identified phosphorylation sites on Oct4 supported the possibility that PKCβII 

could phosphorylate this transcription factor (Figure 6b). In vitro kinase assays using 

recombinant proteins confirmed Oct4 is a PKCβII substrate (lane 4, Figure 6c).  

PKCβII mediated phosphorylation of Oct4 has significant biological relevance. 

First, PKCβII mediated phosphorylation of Oct4 offers a potential explanation into the 

mechanism for increased proliferation rates of miR-653 transfected cells observed in 

Figure 5. Protein Kinase B (PKB; Akt), a kinase related to PKC, has been shown to modify 
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the rate of proliferation through phosphorylation of Oct4 (Zhao QW et al, 2015), 

suggesting that during DE formation PKCβII can do the same. Not only has Oct4 

phosphorylation been found to modify proliferation, but changes in Oct4 expression can 

similarly do the same (Han SM et al, 2014). Therefore, it is possible that phosphorylation 

of Oct4 by PKCβII might act to regulate Oct4 expression.  If this is the case, then miR653 

regulation of PKCβII expression and Oct4 phosphorylation can regulate hESC 

proliferation. 

Second, PKCβII mediated phosphorylation of Oct4 is likely involved in the spatio-

temporal regulation of Oct4 transcription factor activity. Previous work by Spelat et al. 

found that phosphorylation of Oct4 at serine 111 (S111) by a proline directed mitogen 

activated kinase (MAPK; Erk) resulted in increased subsequent ubiquitination of Oct4 and 

enhanced degradation (Spelat R et al, 2012).  In other work, Brumbaugh and colleagues 

found that phosphorylation of Oct4 at two basophilic sites (Thr 234/235 and Ser 235/236) 

disrupted DNA binding, reduced transcriptional activation, and decreased the ability of 

cells to remain pluripotent (Brumbaugh J et al, 2012). The literature also suggests that 

phosphorylation generally leads to negative regulation of Oct4 expression, though there 

have been some contradicting reports (Spelat R et al, 2012; Brumbaugh J et al, 2012; Lin 

Y et al, 2012). If that were the case in our system, we would have seen elevated Oct4 

expression during the first 4 days of differentiation when miR-653 is expressed. However, 

we see decreased Oct4 expression upon miR-653 transfection. Based on previous literature 

that has identified the Erk phosphorylation sites on Oct4 as critical for nuclear export and 

degradation, we propose a different mechanism of regulation. MAPK/Erk phosphorylation  
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Figure 9. Hypothesized Role of miR-653 in hESC exit from Pluripotency (a) Visual illustration showing 

PKCβII mainitaing Oct4 levels during pluripotency. (b) Visual illustration showing miR-653 guided loss of 

Oct4 and pluripotency until DE. 

 

of Oct4 at Ser111 results in increased Oct4 ubiquitination and degradation. Other related 

kinases may perform a redundant function at the multiple proline directed phosphorylation 

sites on Oct4. PKCβII also phosphorylates Oct4; but, phosphorylation of Oct4 by PKCβII 

on the basophilic sites serves to disable DNA-binding capacity of Oct4 and may prevent 

its nuclear export through interaction with a scaffold protein (Figure 9a). When cells 

undergo differentiation, miR-653 inhibits PKCβII retention of Oct4, resulting in 

phosphorylation by other kinases, including MAPK/Erk. This phosphorylation activity 

leads to the nuclear export of Oct4, degradation of Oct4, and loss of pluripotency (Figure 

9b). A nuclear localization signal in the homeobox domain of Oct4 has been identified, 

and corresponds to amino acids 230-234. When this signal has been mutated, Oct4 is 

unable to localize in the nucleus to perform its function as a core transcription factor (Pan 

G et al, 2004). This nuclear localization sequence is adjacent to the T235 and S236 amino 

acids that are predicted to be PKC phosphorylation sites (Figure 6b). When 

phosphorylated in differentiated cells, these sites do indeed cause a reduction in their 

transcriptional activation dramatic enough to show significant changes in reprogramming 
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efficiency (Brumbaugh J et al, 2012). Upcoming experiments aim to confirm that these 

sites are phosphorylated by PKCβII.  

The Oct4 imaging provides additional insight on how miR-653 can impact 

differentiation. Imaging of Oct4 expression in stem cells clearly showed that Oct4 levels 

were significantly decreased during differentiation when transfected with miR-653 

compared to control cells (Figure 7). This strongly supports the results of our 

phosphorylation studies. Overexpressed miR-653 causes reduced PKCβII phosphorylation 

of Oct4, resulting in enhanced nuclear export and then degradation of Oct4. Even a slight 

modification of Oct4 levels by miR-653 can play an immense role in directing 

differentiation. The exact expression level of Oct4 is crucial in determining cell fate as 

shown previously in the CGR8 murine stem cell line. An increase of less than two-fold of 

the Oct4 expression maintained during pluripotency causes differentiation into primitive 

mesoderm and endoderm, and a decrease to half the expression causes differentiation into 

trophoectoderm (Niwa H et al, 2000). 

miR-653 influences differentiation of hESCs into pancreatic endoderm 

Likely the most surprising findings were those related to the role of miR-653 in 

influencing cell fate. RT-PCR experiments of various markers at day 15 (pancreatic 

endocrine precursor cells) confirmed a dramatic change between miR-653 transfected and 

control cells. MiR-653 has a significant impact on expression of factors required for β cell 

differentiation (PDX1 and Ngn3), as well as expression of hormones of pancreatic 

endocrine cells other than the β cell (SST and Glu) (Figure 8 a-f). Clearly, miR-653 does 

not affect the differentiation of β cells specifically, but seems to affect all the differentiated 
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pancreatic endocrine cells in a negative way. Sox9 levels do play a role in maintaining 

pancreatic progenitors, but also play a significant role in the differentiation of all three 

germ layers (Jo A et al, 2014). A transition of cell fate from one cell lineage to another will 

not be shown through changes in Sox9 levels. Brachyury, on the other hand, increased with 

miR-653 overexpression. Brachyury is a marker in early differentiation for a primitive 

mesendoderm, and endodermal tissue has previously been able to be cultured from cells 

positive for Brachyury (Tada S et al, 2005; Kubo A et al, 2004). However, Brachyury is 

known for its role in mesoderm formation, but not DE (Showell C et al, 2004; Mahmood 

A et al, 2015). Consequently, the decrease of all pancreatic endocrine markers and increase 

in Brachyury suggests that miR-653 overexpression represses the cell fate of pancreatic 

endoderm and probably DE, keeping the cell in a more primitive mesendoderm state if not 

encouraging a shift to mesoderm differentiation rather than the endoderm lineage. 

Additional markers are being tested to better understand cell fate decisions that miR-653 

influences. 

 Under the standard differentiation protocol, miR-653 is expressed in CyT49 cells 

until Day 4 of the protocol. Transfected miR-653 overexpresses the microRNA for the first 

two days of differentiation (data not shown). Yet, effects of the additional microRNA can 

be seen 15 days into the differentiation protocol signifying early intervention in 

differentiation plays a critical role in cell fate decisions.  

During the first four days of the differentiation protocol up to DE, we observe a 

spike in miR-653 expression. This spike explains why we significantly less PKC 

phosphorylation activity. The lack of PKCβII causes decreased Oct4 phosphorylation, 

allowing it to be exported out of the nucleus and resulting in a steady Oct4 degradation. 
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Additional work is being pursued in order to better understand the effects of miR-653 and 

regulation of Oct4. Experiments involving site-directed mutagenesis on PKCβII and Oct4 

sites will clarify phosphorylation and kinase activity. Additionally, fractionation and 

ubiquitination experiments will allow us to better track Oct4 movement in the cell. We will 

also work to describe the role of miR-653, PKCβII, and Oct4 expression levels in 

determining hESC fate. The cell fate experiments are a testament to the fact that a greater 

understanding of miR-653 and its downstream effects can tremendously help optimize the 

protocol for the differentiation of stem cells into β cells and other pancreatic endocrine 

cells. 
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