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Abstract  

Nemo-like kinase (NLK) is a member of the MAPK family of kinases and shares a highly 

conserved kinase domain with other MAPK family members. The activation of NLK 

contributes to the pathogenesis of Diamond Blackfan Anemia (DBA), reducing c-myb 

expression and mTOR activity, and is therefore a potential therapeutic target. Unlike 

other anemia’s, the hematopoietic effects of DBA are largely restricted to the erythroid 

lineage. Mutations in ribosomal genes induces ribosomal insufficiency and reduced 

protein translation, dramatically impacting early erythropoiesis in the bone marrow of 
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DBA patients. We sought to identify compounds that suppress NLK and increases 

erythropoiesis in ribosomal insufficiency. We report that the active component of 

ginseng, ginsenoside Rb1, suppresses NLK expression and improves erythropoiesis in 

in vitro models of Diamond Blackfan Anemia. Ginsenoside Rb1-mediated suppression 

of NLK occurs through the upregulation of miR-208, which binds to the 3’-UTR of NLK 

mRNA and targets it for degradation. We also compare ginsenoside Rb1-mediated 

upregulation of miR-208 with metformin-mediated upregulation of miR-26. We conclude 

that targeting NLK expression through miRNA binding of the unique 3’-UTR is a viable 

alternative to the challenges of developing small molecule inhibitors to target the highly 

conserved kinase domain of this specific kinase. 

 

Introduction 

Nemo-like kinase (NLK) is an atypical member of the MAPK family of kinases and is 

41.7 % identical to ERK2 and 38.4 % with Cdc2 (1). The kinase domain is particularly 

conserved, especially with ERK5, and many substrates of NLK are also phosphorylated 

by other family members, albeit with different kinetics (2). Consequently, there are 

currently no small molecule inhibitors with high specificity for NLK. NLK is upregulated 

and is correlated with poor prognosis in non- and small-cell lung carcinoma, colorectal 

cancer, hepatocellular carcinoma, laryngeal cancer, osteosarcoma and neuroblastoma 

(3-10).   
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Diamond Blackfan Anemia (DBA) is a rare genetic disease. Over 80% of patients 

express a ribosomal gene mutation, with 25% carrying a mutation in RPS19 (11). 

Patients usually present in the first year of life with macrocytic anemia, requiring life-

long blood transfusions and steroid treatment (12). The hematologic symptoms can be 

cured by hematopoietic stem cell transplantation, but currently only 16% of patients are 

transplanted due to the significant risks of life-threatening complications (11). NLK is 

activated in response to ribosomal insufficiency in DBA (2) and the suppression of NLK 

expression or activity (2,13) significantly improves erythroid expansion. Therefore, the 

development of treatments that inhibit NLK promise significant clinical benefits for 

patients with DBA. 

 

Despite there being no specific small molecule inhibitor of NLK activity, the commonly 

prescribed diabetes drug, metformin, has demonstrated efficacy in downregulating NLK 

expression (9,13) and improving erythropoiesis in human, mouse and animal models of 

DBA (13). We previously determined that metformin-mediated suppression of NLK in 

DBA models was due to the upregulation of miR-26a (13). Due to the challenges of 

specifically targeting the kinase domain of active NLK, utilizing compounds that 

upregulate specific miRNAs that could specifically suppress NLK expression offers an 

alternative to small molecule kinase inhibitors.  

 

The expression of most messenger-RNAs (mRNAs) are modulated by the binding of 

micro-RNAs (miRNAs) to the 3’untranslated region (3’UTR) (14-17). For many of these 
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transcripts, the degree of modulation is moderate and likely represents a mechanism for 

tissue-specific fine tuning of expression. In contrast, NLK mRNA is particularly 

susceptible to significant miRNA-mediated downregulation, including downregulation by 

miR-199, miR101, miR-221, miR-26a and miR-181 (18-22). As the sequence of the 

3’UTR of NLK differs significantly from other MAPK family members, targeting NLK 

through this mechanism is unlikely to have off-target impacts on other MAPK pathways. 

As the miRNA upregulated in response to specific stimuli is often tissue specific 

(14,16,23), this could also reduce off-target effects compared to the systemic delivery of 

a small molecule.    

 

Over 80% of DBA patients carry germline ribosomal mutations that are expressed in all 

cell types, including other hematopoietic lineages (24). However, one reason the 

anemic phenotype is so pronounced is because NLK expression is dramatically higher 

in erythroid, compared to non-erythroid hematopoietic lineages. NLK is expressed in 

HSCs and early progenitors, but is downregulated in non-erythroid lineages due to the 

upregulation of miR-181 (2). Indeed, the balance of miR-181 expression is critical in fate 

decisions between erythroid and megakaryocyte differentiation (25) but the evolutionary 

selective pressure to maintain the miR-181 mediated downregulation of NLK is unclear. 

Although NLK is neither activated, nor required for normal erythropoiesis (2), the miR-

181 binding sequence within the 3’UTR is evolutionarily conserved in humans, mice and 

zebrafish, whereas significant divergence occurs in other regions. Whether NLK 

expression in erythropoiesis is selected for or not,  upstream cues in DBA stimulate NLK 

activation and because it is only expressed in erythroid cells, these are the cells that 
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become burdened with the effects of NLK activation (2). While NLK expression is highly 

responsive to miR-181 expression, manipulating miR-181 levels would additionally 

deregulate multiple aspects of hematopoiesis.  

 

Here, we report that ginsenoside Rb1 (the active component of ginseng) upregulates 

miR-208 in differentiating HSPCs. This upregulation targets NLK mRNA for degradation 

and reduces the amount of NLK protein available to be activated in ribosome 

insufficiency, thereby improving erythroid expansion in these cells. As this represents 

the second compound that utilizes this mechanism of action, we propose that targeting 

NLK expression with miRNAs is a viable alternative to small molecule kinase inhibitors 

that will likely be non-specific with significant off-target effects. 

 

Results 

Ginsenoside Rb1 improves erythroid expansion without impacting myeloid expansion in 

in vitro model of DBA 

As the suppression of NLK by miRNAs has been documented (Cichocki et al., 2011; 

Han et al., 2014; He et al., 2017; Shen et al., 2014; Yan et al., 2016), we sought to 

screen a number of common nutritional supplements that have been documented to 

modulate miRNAs in their ability to improve erythroid expansion in an in vitro model of 

DBA. To induce ribosomal insufficiency, CD34+ HSPCs from human cord blood were 

transduced with a shRNA against RPS19 that reduced RPS19 expression by 

approximately 50 % to recapitulate decreased function due to RPS19 mutations in DBA 
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patients (2,13,26,27). Metformin has been reported to improve erythroid expansion by 

miRNA-mediated suppression of NLK mRNA expression (13) and was therefore 

included as a positive control. Similar to metformin (13), 50 mM Ginsenoside Rb1 

increased erythroid expansion by 2.6-fold (p=0.0488) in RPS19-insufficient 

hematopoietic progenitor cells but did not significantly impact erythropoiesis in healthy 

controls (p=0.9129) (Fig 1A).  Ginsenoside Rb1 did not impact CD11b+ myeloid 

expansion in control or RPS19-insufficiency (Fig 1B). Efficacy of shRNA against RPS19 

was quantified by qRT-PCR (Fig S1A). Ginsenoside Rb1 has an EC50 value of 2.3 mM 

with 90% potency achieved at 8.6 mM (Fig S1B). To determine if the ginsenoside Rb1 

effect was through the inhibition of NLK, we treated differentiating HSPCs with 

ginsenoside Rb1 that were transduced with a non-targeting control or siRNA against 

NLK. Ginsenoside R1 alone or siRNA against NLK alone improved erythroid expansion 

by 2.7- and 5.1-fold, respectively. The addition of ginsenoside Rb1 when NLK was 

suppressed by siRNA did not significantly influence erythroid differentiation (5.2-fold, 

p=0.9037) (Fig 1C), suggesting the mechanism of action of ginsenoside Rb1 in erythroid 

rescue in RPS19-insufficiency is through the partial inhibition of NLK.     

 

To determine if the mechanism of action of ginsenoside Rb1 was through the direct 

inhibition of NLK kinase activity, we performed in vitro kinase assays examining the 

ability of purified pre-activated NLK to phosphorylate three NLK substrates (Raptor, c-

Myb and NLK). Even at 500 mM ginsengoside-6p failed to inhibit NLK kinase activity 

(Fig 2A – closed circles). In contrast, the non-specific kinase inhibitor SD208 inhibited 
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NLK from phosphorylating NLK, c-Myb and Raptor by 84.3, 79.7 and 89.1 %, 

respectively, at 5 µM (Fig 2A – open circles).  

In differentiating RPS19-insufficient HSPCs, ginsenoside Rb1 did not influence RPS19 

expression. In contrast, 50 mM ginsenoside Rb1 reduced NLK mRNA expression by 

43.8 % (p=0.0032) and 43.2 % (p=0.003) in control and RPS19-insufficiency 

respectively (Fig 2C). NLK protein was reduced in differentiating HSPCs by 31.5 and 

46.4 % at 5 and 50 mM ginsenoside R1b, respectively (Fig 2D). As would be anticipated 

with reduced NLK expression, NLK immunopurified from equal numbers of ginsenoside 

Rb1-treated RPS19-insufficient progenitors demonstrated 44.8 % reduced NLK kinase 

activity (p=0.017) (Fig 2E), correlating with the reduced NLK expression (compare Figs 

2C & E).  As NLK is not activated in control cells, the reduction in expression does not 

reduce activity, further suggesting the reduction of NLK activity seen in RPS19-

insufficieny, is due to a reduction in the number of activated NLK molecules. 

 

Degradation initiated by miRNA typically requires binding of miRNAs to complementary 

sequences in the mRNA 3’UTR (14). To address whether NLK suppression by 

ginsenoside Rb1 in RPS19-insufficiency was due to miRNA-mediated events, we fused 

the NLK 5’UTR or 3’UTR to the luciferase gene and transduced them into ginsenoside 

Rb1-treated control and RPS19-insufficient differentiating HSPCs. As would be 

anticipated for a miRNA-mediated event, no downregulation of luciferase activity was 

observed upon expression of the NLK 5’UTR upstream of the luciferase, but the fusion 

of the NLK 3’UTR downstream of luciferase lead to a dose-dependent downregulation 

of luciferase activity (Fig 3A).   Luciferase activity was reduced by 35.9 % (p=0.0072) at 
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50 mM ginsenoside Rb1 (Fig 3A) indicating the 3’UTR of NLK is required for NLK 

mRNA degradation.  

 

The 3’UTR of NLK is 3745 residues and contains at least 30 predicted high potential 

miRNA binding sites (TargetScan 7.2©) (see Fig 3B). We generated a series of 

truncated NLK 3’UTRs fused to the luciferase gene and transduced them into control 

and RPS19-insufficient differentiating HSPCs. Cells were treated with increasing 

concentrations of ginsenoside Rb1 or metformin and luciferase activity assessed. 50 

mM Ginsenoside Rb1 reduced luciferase activity by 35.9 % (p=0.0072) while metformin 

reduced luciferase activity by 67.5 % (p=0.0184). As previously observed, the ability of 

metformin to influence the NLK 3’UTR was lost upon truncation of residues between 

1007 and 1268 (13). The influence of ginsenoside Rb1 was lost upon truncation of a 

region between residues 1530 and 1792 (Fig 3C). The predicted miRNA binding sites 

contained within this region are miR-499, miR-208 and miR-132. 

 

Comparison of miRNA expression in vehicle-, metformin- and ginsenoside Rb1-treated 

HSPCs revealed that of the 3 miRNAs predicted to bind the region of the NLK 3’UTR 

required for ginsenoside Rb1 sensitivity, only miR-208 was significantly upregulated 

(p=0.0137) and was induced by 1.9-fold (Fig 4A). None of these miRNAs were induced 

by metformin since metformin induces miR-26 as published previously (13). The 

abundance of let-7, miR-30 miR-144 and miR-132 were expressed 40.1-, 2.2-, 5.0- and 

18.3-fold higher than miR-208, whereas miR-208 was expressed 1.6- and 2.1-fold 
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higher than miR-199 and miR-499. MiR-26a (induced by metformin) expression was 

1.4-fold higher than miR-208 (Fig S2). 

 

To confirm miR-208 could downregulate endogenous NLK, we transduced a series of 

miRNA species into differentiating HSPCs. As has been reported, miR-181 (25), miR-26 

(13), miR-199 (18), miR-101 (19) and miR-221 (22) suppressed NLK expression by 85.6 

% (p=0.0035), 58.7 % (p=0.0155), 80.8 % (p=0.0026), 23.0 % (p=0.0056) and 37.7 % 

(p=0.0129) respectively. Expression of miR-208 reduced NLK expression by 40.2% 

(p=0.0093) which correlates closely with the influence of ginsenoside Rb1 (34.6 %) (Fig 

4B). Expression of miRNAs is quantified by qRT-PCR (Fig S3A).  

We further examined if the expression of various combinations of these miRNAs 

suppressed NLK expression more than single miRNAs alone. MiR-199 suppressed NLK 

expression better than other miRNA species, reducing NLK expression to 19.2 % of 

control. Expression of two or more miRNAs generally decreased NLK expression, 

although the synergistic effect varied with each combination. Maximal suppression by a 

single miRNA was 80.8 % (by miR-199) with a maximal effect observed upon combining 

all 5 miRNAs with NLK expression reduced to 2.2 % (p=0.0003) of control (Fig 4C). The 

combined properties did not strongly correlate with the suppressive effect of each 

individual miRNA, suggesting a complex interplay between miRNAs, the degradative 

machinery and the NLK 3’UTR. Combined ginsenoside Rb1 and metformin treatment 

further decreased NLK expression down to 21.4 % of control, from 65.4 % and 40.6 % 

with ginsenoside Rb1 or metformin alone (p=0.0048 and 0.025 respectively). 
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Having established that miR-208 is upregulated in response to ginsenoside Rb1 (Fig 

4A) and that miR-208 suppresses NLK expression (Fig 4B), we sought to test the 

hypothesis that ginsenoside Rb1-mediated upregulation of miR-208 is responsible for 

ginsenoside Rb1-mediated suppression of NLK expression. To address this, various 

inhibitors of miRNAs (miRNA sponges) were transduced into ginsenoside Rb1- or 

metformin-treated differentiating HSPCs. Expression of miRNAs was assessed by qRT-

PCR (Fig S3B). As anticipated, miR-26 inhibition prevented metformin-induced NLK 

suppression (Fig 4D). Ginsenoside Rb1 treatment reduced endogenous NLK 

expression by 44.8 % (p=0.0065), but inhibition of miR-208 rescued this back to 94.1 % 

of control (p=0.0076) (Fig 4D). This indicates ginsenoside Rb1 indeed suppresses NLK 

expression through the induction of miR-208. 

 

Having confirmed ginsenoside Rb1-mediated upregulation of miR-208 is responsible for 

the suppression of NLK in differentiating HSPCs, our final goal was to assess if 

upregulation of miR-208 indeed accounted for the improved erythropoiesis in response 

to ginsenoside Rb1. CB CD34+ HSPCs were transduced with control or shRNA against 

RPS19 in combination with metformin or ginsenoside Rb1 and/or miR-26 or miR-208. 

As anticipated, miR-26 restored erythropoiesis in RPS19-insufficiency to a similar extent 

as metformin. Similarly, miR-208 increased erythroid expansion by 2.65-fold (p=0.0473) 

and ginsenoside Rb1 increased it by 2.52-fold (p=0.1416). As combining miR-208 with 

ginsenoside Rb1 did not significantly increase erythropoiesis compared to either 

treatment alone (2.57-fold to 2.65-fold and 2.52-fold respectively) (p=0.8801 and 
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0.9432) (Fig 5A), it is highly probable that the ginsenoside Rb1 rescue is mediated 

primarily through miR-208 upregulation. No significant impact on CD11b+ myeloid 

expansion was observed in response to drug or miRNA manipulation (Fig 5B).  

 

While erythroid expansion is improved in RPS19-insufficiency, there is no impact on 

healthy controls (Fig 5A), but examination indicates that NLK expression is similarly 

suppressed by each treatment in both healthy controls and RPS19-insufficiency (Fig 

5C). This reflects the fact that NLK is dispensable for healthy erythropoiesis and only 

impacts erythroid expansion once it is activated in ribosomal insufficiency (2,13). RPS19 

and miRs-208 and -26 expression were assessed (Fig S4). As the combination of 

ginsenoside Rb1 and metformin further suppressed NLK expression from   34.6 % and 

59.4 % alone to 78.6 % (Fig 4C), we sought to determine if combining metformin and 

ginsenoside Rb1 could act synergistically to improve erythroid expansion in RPS19-

insufficiency. Ginsenoside Rb1 (50mM) and metformin (50mM) were combined and 

added to HSPCs transduced with shRNA against RPS19 or control. The combined 

treatment further enhanced erythroid expansion in RPS19-insufficiency from 20.9 % and 

28.4 % when cells were treated with either ginsenoside Rb1 or metformin alone, to 37.1 

%  (p=0.0091 and 0.0306) when treated in combination (Fig 5D). No significant toxicity 

was observed in healthy erythroid (Fig 5D). NLK 3’UTR-regulated luciferase activity was 

inversely proportionally reduced with co-treatment significantly decreasing NLK 

expression compared to either drug alone (p=0.005 and 0.0164 respectively) (Fig 5E). 

While this study is focused on documenting the mechanism of ginsenoside Rb1-

mediated erythroid rescue in DBA models, these data suggests combining ginsenoside 
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Rb1 (or other modulators of miR-208 expression) may have additional therapeutic 

benefit to other therapies that may suppress NLK expression/activity by other 

mechanisms. While combination therapy was not additive, significant synergy was 

observed with combination index (CI) values of 0.83, 0.69 and 0.58 at 50%, 70% and 

90% of maximal erythroid rescue values (Fig S5).    

 

Collectively, our data indicate ginsenoside Rb1 induces miR-208 upregulation in 

differentiating erythroid progenitors that suppresses NLK expression. In RPS19-

insufficiency, the reduced NLK expression protects progenitors from the impacts of NLK 

activation and improves erythroid expansion. 

 

Discussion 

The suppression of NLK by ginsenoside Rb1 significantly improves erythroid expansion 

in models of DBA, but rescue is not complete. Indeed, even suppression of NLK 

expression by siRNA or shRNA, or inhibition of NLK activity by broad acting kinase 

inhibitors, does not restore erythropoiesis to the same level as healthy controls (2). 

However, clinical studies with steroid treatment have shown that even raising red blood 

cell counts incrementally can significantly improve patient outcomes, such as 

transfusion independence or at least reducing transfusion regularity (11,12,28). 

Evaluating the exact clinical benefit to DBA patients will require in vivo and clinical 

studies and will likely be dependent on a myriad of factors, including the specific gene 

mutation and severity of the disease.  
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It is interesting that ginsenoside Rb1 and miR-208 both reduce NLK expression less 

than metformin or miR-26a. While it is difficult to make assumptions about the 

confirmation of miRNAs binding mRNA, it is possible miR-208 is less efficient at binding 

the consensus site or that bound miR-208 is less efficient at recruiting the degradative 

machinery. MiR-26a expression is more abundant than miR-208 in control HSPCs (Fig 

S2). Coupled to the less robust induction of miR-208 in response to ginsenoside Rb1 

(Fig 4A), it is plausible the reduced abundance of miR-208 contributes to NLK 

suppression being more sensitive to metformin.  As miR-181 binding appears to be 

evolutionarily conserved to dramatically downregulate NLK (sequence preserved across 

human, mouse and zebrafish), the fact that the miR-26a binding site is in close 

proximity may contribute to a more dramatic downregulation in response to the miR26a-

inducing metformin.   

 

A positive and negative aspect of miRNAs is the tissue specificity of their induction 

(14,16,23). In this case, that may mean systemic treatment with ginsenoside Rb1 will 

suppress NLK expression in HSPCs but not in other tissues. In contrast, these 

compounds may induce other miRNAs in other tissues with deleterious impacts. 

TargetScan 2.0® indicates miR-208 potentially targets 211 mRNAs but whether these 

mRNAs are expressed in tissues ginsenoside Rb1 induces miR-208, or the extent of 

influence miR-208 has on these mRNAs, has not been evaluated.  However, as millions 

of people use ginseng as a nutritional supplement without adverse events (29), this 

seems unlikely. A further consideration is generating a high enough concentration of 
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ginsenoside Rb1 at the sites of hematopoiesis in the bone marrow. With an EC50 of 2.3 

mM, the concentration of ginsenoside required for efficient erythroid rescue is high and 

may constitute problems for dosing in patients. Ginseng is well tolerated and doses as 

high as 4.5g/ day have been given orally with no reported toxicity (29). Unfortunately, 

orally ingested ginsenosides are not efficiently absorbed into blood plasma and are 

rapidly cleared (30). Intravenous and intramuscular administration provide bioavailable 

ginsenosides and single doses of at least 75 mg are well tolerated (31). In mice, 

sustained daily intraperitoneal injections of 0.2 mls of 4 mg/ml Ginsenoside Rb1 

demonstrated no adverse effects and enhanced hematopoietic function and dendritic 

cell differentiation (32), suggesting it is possible to introduce high enough 

concentrations of ginsenoside Rb1 in the bone marrow to influence HSPC 

differentiation. Antibody-targeted nanoparticles delivering ginsenoside Rb1 directly to 

the HSPCs may overcome systemic and local concentration issues.  

Alternatively, aptamer-fused miR-208, or a combination of miRNAs, could be delivered 

specifically to HSPCs. Indeed, this application has already been validated with 

aptamers targeted to c-kit bound to miR-26a and delivered to HSPCs to attenuate 

toxicity of 5’fluorouracel and carboplatin in a mouse model (33). Indeed, our data 

suggest delivering a cocktail of miRNAs specifically to HSPCs may have significant 

therapeutic benefit. As the ability to predict the efficacy of various combinations of 

miRNAs did not correlate closely to the efficacy of miRNAs administered individually, 

determining optimal doses and combinations may require extensive experimentation. 

Likewise, evaluating potentially deleterious off-target effects of ginsenoside Rb1, miR-

208, or combination therapies requires further study. 
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The application of miRNA-mediated suppression of NLK is not limited to DBA. Poor 

prognosis of a number of carcinomas, osteosarcomas and neuroblastomas have all 

been attributed to elevated NLK expression (3-10). The ability to suppress NLK may be 

one reason ginseng is thought to have benefits for colorectal and lung cancers (34-37). 

While the benefits of developing small molecule kinase inhibitors is well recognized in 

modern medicine, in the event of highly conserved kinases, targeting unique attributes 

of the target may offer higher specificity and less off-target effects. We propose that 

induction of miRNAs that target NLK for degradation is one such approach.  

 

Methods 

Cell culture – As described previously (2,13,26), primary human CD34+ hematopoietic 

stem and progenitor cells were purified from cord blood (New York Blood Center) by 

using magnetic-activated cell sorting (Miltenyi Biotec) and were cryopreserved. Upon 

thawing, cells were cultured in x-Vivo15 media (Lonza) containing 10% fetal bovine 

serum, fms-related tyrosine kinase 3 (50 ng/mL), thyroid peroxidase (50 ng/mL), 

interleukin-3 (IL-3; 20 ng/mL), interleukin-6 (IL-6; 20 ng/mL), and stem cell factor (50 

ng/mL) and differentiated for 12 days. Kp53A1 cells were obtained from Javier Leon and 

cultured in DMEM supplemented with 10% fetal bovine serum at 37 or 32 °C. Short 

hairpin RNA (shRNA) against RPS19 (or luciferase) with approximately 50 % 

knockdown efficiency was cloned into shRNA-carrying vectors (pLVTH) co-expressing 

GFP. Luciferase, or luciferase fused to various permutations of the NLK 3’ or 5’UTRs, 

were cloned in pcDNA3.1 expressing RFP.  
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Lentiviral transduction - CD34+ cells were transduced as published (26) with lentivirus 

expressing shRNA against RPS19, or luciferase (Luc). Co-transduction with lentivirus 

expressing luciferase fused to various truncations of NLK 5’UTR or 3’UTR or miRNA 

mimics or sponges was also performed. Virus co-expressed GFP, RFP, mCherry or 

puromycin to enable selection.  

Ginsenoside Rb1, metformin and miRNAs – Ginsenoside Rb1 and metformin were 

purchased from SelleckChem and added to cells at indicated concentrations with a final 

DMSO concentration of 0.5%. MISSION® synthetic miRNAs inhibitors and mimetics 

were purchased from Sigma Aldrich and mirVana® miRNA inhibitors were purchased 

from ThermoFisher Scientific. All were transduced according to manufacturer’s 

instructions. EC50 values were calculated by Quest Graph™ EC50 Calculator. AAT 

Bioquest, Inc. 

Flow cytometry - Cells were incubated with human Fc receptor binding inhibitor (#14-

9161-73; eBioscience) followed by primary antibodies CD235-APC (#306607; 

BioLegend) and CD11b-PE/Cy5 (#101209; BioLegend). Data were collected on a 

DxP10 flow cytometer (Cytek) and analyzed by using FlowJo Software, v.9.7.2. 

Kinase Assays, Western blotting – NLK kinase activity was performed as published 

(2). For Western blotting, antibodies against NLK (#AB97642; Abcam; 1:1000 dilution) 

and GAPDH (#MAB374; Millipore; 1:10000) were used according to manufacturer’s 

instructions.  
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qRT-PCR – MessengerRNA was quantified as described (2). MicroRNA was quantified 

using TaqMan® Small RNA Assays (Applied Biosystems) as per manufacturer’s 

directions and normalized to snoRNA234.  

Luciferase Assay – The NLK minimal promoter (1019 5’nucleotides) and or NLK 

3’UTR (1885 3’ nucleotides) were cloned upstream, or downstream respectively, of 

firefly luciferase and transfected into K562 cells. Transfection efficiency was normalized 

by RFP expression and firefly luciferase activity determined by Luciferase Assay 

Reagent II (LAR II) from Dual-Luciferase® Reporter (DLR™) Assay System (Promega). 

Luminescence was assessed using a Synergy™ H1 hybrid multi-mode microplate 

reader (BioTek®). Mutations and truncations in NLK 3’UTR were introduced using 

QuikChange® II XL Site-directed Mutagenesis (Agilent).   

Statistics - P values for statistical significance were obtained by using a paired 

Student t test. Significance was designated as p<0.05. The data are representative of at 

least 3 independent experiments. When possible, variability between replicates was 

normalized for by designating values of controls to 100% (or 1-fold), and comparing 

variables against that. Combinatorial Index (drug combinations) was determined using 

CompuSyn® software. 

       

References 

1. Brott, B. K., Pinsky, B. A., and Erikson, R. L. (1998) Nlk is a murine protein kinase related to 
Erk/MAP kinases and localized in the nucleus. Proceedings of the National Academy of Sciences 
of the United States of America 95, 963-968 

2. Wilkes, M. C., Siva, K., Chen, J., Varetti, G., Youn, M. Y., Chae, H., Ek, F., Olsson, R., Lundbäck, T., 
Dever, D. P., Nishimura, T., Narla, A., Glader, B., Nakauchi, H., Porteus, M. H., Repellin, C. E., 

Jo
urn

al 
Pre-

pro
of



Gazda, H. T., Lin, S., Serrano, M., Flygare, J., and Sakamoto, K. M. (2020) Diamond Blackfan 
anemia is mediated by hyperactive Nemo-like kinase. Nature communications 11, 3344 

3. Lv, L., Wan, C., Chen, B., Li, M., Liu, Y., Ni, T., Yang, Y., Liu, Y., Cong, X., Mao, G., and Xue, Q. 
(2014) Nemo-like kinase (NLK) inhibits the progression of NSCLC via negatively modulating WNT 
signaling pathway. Journal of cellular biochemistry 115, 81-92 

4. Chen, J., Han, Y., Zhao, X., Yang, M., Liu, B., Xi, X., Xu, X., Liang, T., and Xia, L. (2015) Nemolike 
kinase expression predicts poor survival in colorectal cancer. Molecular medicine reports 11, 
1181-1187 

5. Chen, H. W., Qiao, H. Y., Li, H. C., Li, Z. F., Zhang, H. J., Pei, L., Liu, H. W., Jin, L., Wang, D., and Li, 
J. L. (2015) Prognostic significance of Nemo-like kinase expression in patients with 
hepatocellular carcinoma. Tumour biology : the journal of the International Society for 
Oncodevelopmental Biology and Medicine 36, 8447-8453 

6. Tai, J., Rao, Y., Fang, J., Huang, Z., Yu, Z., Chen, X., Zhou, W., Xiao, X., Long, T., Han, Y., Liu, Q., Li, 
A., and Ni, X. (2015) Lentivirusdelivered nemolike kinase small interfering RNA inhibits laryngeal 
cancer cell proliferation in vitro. Molecular medicine reports 12, 5619-5624 

7. Zhang, X. W., Chen, S. Y., Xue, D. W., Xu, H. H., Yang, L. H., Xu, H. T., and Wang, E. H. (2015) 
Expression of Nemo-like kinase was increased and negatively correlated with the expression of 
TCF4 in lung cancers. International journal of clinical and experimental pathology 8, 15086-
15092 

8. Zhang, W., He, J., Du, Y., Gao, X. H., Liu, Y., Liu, Q. Z., Chang, W. J., Cao, G. W., and Fu, C. G. 
(2015) Upregulation of nemo-like kinase is an independent prognostic factor in colorectal 
cancer. World journal of gastroenterology 21, 8836-8847 

9. Suwei, D., Liang, Z., Zhimin, L., Ruilei, L., Yingying, Z., Zhen, L., Chunlei, G., Zhangchao, L., 
Yuanbo, X., Jinyan, Y., Gaofeng, L., and Xin, S. (2015) NLK functions to maintain proliferation and 
stemness of NSCLC and is a target of metformin. Journal of hematology & oncology 8, 120 

10. Yasuda, J., and Ichikawa, H. (2007) Mammalian Nemo-like kinase enhances beta-catenin-TCF 
transcription activity in human osteosarcoma and neuroblastoma cells. Proceedings of the Japan 
Academy. Series B, Physical and biological sciences 83, 16-25 

11. Da Costa, L., Narla, A., and Mohandas, N. (2018) An update on the pathogenesis and diagnosis of 
Diamond-Blackfan anemia. F1000Research 7 

12. Vlachos, A., and Muir, E. (2010) How I treat Diamond-Blackfan anemia. Blood 116, 3715-3723 
13. Wilkes, M. C., Siva, K., Varetti, G., Mercado, J., Wentworth, E. P., Perez, C., Saxena, M., Kam, S., 

Kapur, S., Chen, J., Narla, A., Glader, B., Lin, S., Serrano, M., Flygare, J., and Sakamoto, K. M. 
(2020) Metformin-induced suppression of NLK improves erythropoiesis in Diamond Blackfan 
Anemia through induction of miR-26a. Under Revision  

14. Wilkes, M. C., Repellin, C. E., and Sakamoto, K. M. (2017) Beyond mRNA: The role of non-coding 
RNAs in normal and aberrant hematopoiesis. Molecular genetics and metabolism 122, 28-38 

15. Grosswendt, S., Filipchyk, A., Manzano, M., Klironomos, F., Schilling, M., Herzog, M., Gottwein, 
E., and Rajewsky, N. (2014) Unambiguous identification of miRNA:target site interactions by 
different types of ligation reactions. Molecular cell 54, 1042-1054 

16. Lazare, S. S., Wojtowicz, E. E., Bystrykh, L. V., and de Haan, G. (2014) microRNAs in 
hematopoiesis. Experimental cell research 329, 234-238 

17. Bousquet-Antonelli, C., Presutti, C., and Tollervey, D. (2000) Identification of a regulated 
pathway for nuclear pre-mRNA turnover. Cell 102, 765-775 

18. Han, Y., Kuang, Y., Xue, X., Guo, X., Li, P., Wang, X., Guo, X., Yuan, B., Zhi, Q., and Zhao, H. (2014) 
NLK, a novel target of miR-199a-3p, functions as a tumor suppressor in colorectal cancer. 
Biomedicine & pharmacotherapy = Biomedecine & pharmacotherapie 68, 497-505 

Jo
urn

al 
Pre-

pro
of



19. Shen, Q., Bae, H. J., Eun, J. W., Kim, H. S., Park, S. J., Shin, W. C., Lee, E. K., Park, S., Park, W. S., 
Lee, J. Y., and Nam, S. W. (2014) MiR-101 functions as a tumor suppressor by directly targeting 
nemo-like kinase in liver cancer. Cancer Lett 344, 204-211 

20. Cichocki, F., Felices, M., McCullar, V., Presnell, S. R., Al-Attar, A., Lutz, C. T., and Miller, J. S. 
(2011) Cutting edge: microRNA-181 promotes human NK cell development by regulating Notch 
signaling. Journal of immunology (Baltimore, Md. : 1950) 187, 6171-6175 

21. Yan, X., Liu, J., Wu, H., Liu, Y., Zheng, S., Zhang, C., and Yang, C. (2016) Impact of miR-208 and its 
Target Gene Nemo-Like Kinase on the Protective Effect of Ginsenoside Rb1 in Hypoxia/Ischemia 
Injuried Cardiomyocytes. Cellular physiology and biochemistry : international journal of 
experimental cellular physiology, biochemistry, and pharmacology 39, 1187-1195 

22. He, X. Y., Tan, Z. L., Mou, Q., Liu, F. J., Liu, S., Yu, C. W., Zhu, J., Lv, L. Y., Zhang, J., Wang, S., Bao, 
L. M., Peng, B., Zhao, H., and Zou, L. (2017) microRNA-221 Enhances MYCN via Targeting Nemo-
like Kinase and Functions as an Oncogene Related to Poor Prognosis in Neuroblastoma. Clinical 
cancer research : an official journal of the American Association for Cancer Research 23, 2905-
2918 

23. Jin, H., Vacic, V., Girke, T., Lonardi, S., and Zhu, J. K. (2008) Small RNAs and the regulation of cis-
natural antisense transcripts in Arabidopsis. BMC molecular biology 9, 6 

24. Ulirsch, J. C., Verboon, J. M., Kazerounian, S., Guo, M. H., Yuan, D., Ludwig, L. S., Handsaker, R. 
E., Abdulhay, N. J., Fiorini, C., Genovese, G., Lim, E. T., Cheng, A., Cummings, B. B., Chao, K. R., 
Beggs, A. H., Genetti, C. A., Sieff, C. A., Newburger, P. E., Niewiadomska, E., Matysiak, M., 
Vlachos, A., Lipton, J. M., Atsidaftos, E., Glader, B., Narla, A., Gleizes, P. E., O'Donohue, M. F., 
Montel-Lehry, N., Amor, D. J., McCarroll, S. A., O'Donnell-Luria, A. H., Gupta, N., Gabriel, S. B., 
MacArthur, D. G., Lander, E. S., Lek, M., Da Costa, L., Nathan, D. G., Korostelev, A. A., Do, R., 
Sankaran, V. G., and Gazda, H. T. (2018) The Genetic Landscape of Diamond-Blackfan Anemia. 
American journal of human genetics 103, 930-947 

25. Li, X., Zhang, J., Gao, L., McClellan, S., Finan, M. A., Butler, T. W., Owen, L. B., Piazza, G. A., and 
Xi, Y. (2012) MiR-181 mediates cell differentiation by interrupting the Lin28 and let-7 feedback 
circuit. Cell death and differentiation 19, 378-386 

26. Bibikova, E., Youn, M. Y., Danilova, N., Ono-Uruga, Y., Konto-Ghiorghi, Y., Ochoa, R., Narla, A., 
Glader, B., Lin, S., and Sakamoto, K. M. (2014) TNF-mediated inflammation represses GATA1 and 
activates p38 MAP kinase in RPS19-deficient hematopoietic progenitors. Blood 124, 3791-3798 

27. Flygare, J., Kiefer, T., Miyake, K., Utsugisawa, T., Hamaguchi, I., Da Costa, L., Richter, J., Davey, E. 
J., Matsson, H., Dahl, N., Wiznerowicz, M., Trono, D., and Karlsson, S. (2005) Deficiency of 
ribosomal protein S19 in CD34+ cells generated by siRNA blocks erythroid development and 
mimics defects seen in Diamond-Blackfan anemia. Blood 105, 4627-4634 

28. Narla, A., Vlachos, A., and Nathan, D. G. (2011) Diamond Blackfan anemia treatment: past, 
present, and future. Seminars in hematology 48, 117-123 

29. Shergis, J. L., Zhang, A. L., Zhou, W., and Xue, C. C. (2013) Panax ginseng in randomised 
controlled trials: a systematic review. Phytother Res 27, 949-965 

30. Zhang, H. Y., Niu, W., Olaleye, O. E., Du, F. F., Wang, F. Q., Huang, Y. H., Yuan, L., Li, Y. F., Liu, G. 
P., Xu, F., Yang, J. L., and Li, C. (2020) Comparison of intramuscular and intravenous 
pharmacokinetics of ginsenosides in humans after dosing XueShuanTong, a lyophilized extract of 
Panax notoginseng roots. J Ethnopharmacol 253, 112658 

31. Zeng, X., Deng, Y., Feng, Y., Liu, Y., Yang, L., Huang, Y., Sun, J., Liang, W., and Guan, Y. (2010) 
Pharmacokinetics and safety of ginsenoside Rd following a single or multiple intravenous dose in 
healthy Chinese volunteers. J Clin Pharmacol 50, 285-292 

Jo
urn

al 
Pre-

pro
of



32. Zhang, L., Feng, H., He, Y., Zhao, J., Chen, Y., and Liu, Y. (2017) Ginseng saponin Rb1 enhances 
hematopoietic function and dendritic cells differentiation. Acta Biochim Biophys Sin (Shanghai) 
49, 746-749 

33. Tanno, T., Zhang, P., Lazarski, C. A., Liu, Y., and Zheng, P. (2017) An aptamer-based targeted 
delivery of miR-26a protects mice against chemotherapy toxicity while suppressing tumor 
growth. Blood Adv 1, 1107-1119 

34. Hwang, J. W., Oh, J. H., Yoo, H. S., Lee, Y. W., Cho, C. K., Kwon, K. R., Yoon, J. H., Park, J., Her, S., 
Lee, Z. W., Jang, I. S., and Choi, J. S. (2012) Mountain ginseng extract exhibits anti-lung cancer 
activity by inhibiting the nuclear translocation of NF-κB. Am J Chin Med 40, 187-202 

35. Jin, X., Che, D. B., Zhang, Z. H., Yan, H. M., Jia, Z. Y., and Jia, X. B. (2016) Ginseng consumption 
and risk of cancer: A meta-analysis. J Ginseng Res 40, 269-277 

36. Jiang, S. L., Liu, H. J., Liu, Z. C., Liu, N., Liu, R., Kang, Y. R., Ji, J. G., Zhang, C., Hua, B. J., and Kang, 
S. J. (2017) Adjuvant effects of fermented red ginseng extract on advanced non-small cell lung 
cancer patients treated with chemotherapy. Chin J Integr Med 23, 331-337 

37. Wang, C. Z., and Yuan, C. S. (2008) Potential role of ginseng in the treatment of colorectal 
cancer. Am J Chin Med 36, 1019-1028 

 

Acknowledgments 

This work was funded by NIH T32 training grant (DK098132) and Maternal Child Health 

Research Institute fellowship (1111239-442-JHACT) (M.C.W), DBA Foundation 

(138290) (K.M.S/M.C.W), and Department of Defense (BM180024) (K.M.S). 

 

Author Contributions 

M.C.W., J.W. S.F.N and K.M.S. conceived and planned the experiments. M.C.W., H.C., 

A.M.C., E.W., J.M., M.S. carried out the experiments. H.C., A.M.C., B.G., A.N. and 

M.G.R. and K.M.S. contributed to the interpretation of the results. M.Y.Y., E.B., and Z.C. 

performed RNAseq and miRNAseq. A.E. S.F.N., and M.C.W. analyzed data. T.N. and 

H.N. advised and assisted on iPSC generation. M.C.W. took the lead in writing the 

manuscript. All authors provided critical feedback and helped shape the research, 

analysis and manuscript. 

Jo
urn

al 
Pre-

pro
of



 

Declaration of Interests 

The authors have no competing interests to declare. 

 

Resource Availability –  

Lead Contact – Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the Lead Contact, Kathleen Sakamoto 

(kmsakamo@stanford.edu). 

Materials Availability – Reagents generated in this study will be made available on 

request, but we may require a payment and/or a completed Materials Transfer 

Agreement if there is potential for commercial application. 

Data and Code Availability –This study did not generate/analyze datasets or code. 

 

 

Figure Legends 

Figure 1. Ginsenoside Rb1 improves erythroid expansion without impacting 

myeloid expansion in DBA model. (A). CD34+ HSPCs were transduced with shRNA 

against control (shLuc) or RPS19 (shRPS19) and after sorting, were differentiated for 

14 days in the presence or absence of 50mM metformin or ginsenoside Rb1.  Cells 

were counted and the percentage expressing CD235+ erythroid (A) and CD11b+ 
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myeloid (B) was determined by flow cytometry. Obtained values were multiplied to give 

an overall number that was normalized to the untreated control.  Values are presented 

as a percentage of the untreated control. (C) CD34+ progenitors were transduced with a 

combination of either shRNA against luciferase or RPS19 (shRPS19) and siRNA 

against a non-targeting sequence (NT) or NLK (siNLK). After 14 days differentiation in 

the presence or absence of ginsenoside Rb1, cells were counted and the percentage of 

cells with surface expression of CD235 and CD11b were determined by flow cytometry 

to yield the number of CD235+ erythroid cells. The total number of cells is expressed as 

a percentage of the number of each cell type in the control (untreated/shLuc/NT). Data 

are displayed as means +/- SD. Statistics: two-tailed Student's t test, significant *P < 

0.05. N/S = not significant. 

 

Figure 2. Ginsenoside Rb1 suppresses NLK expression in erythroid progenitors 

but does not impact NLK kinase activity. (A) Active NLK was purified from activated 

Kp53A1 cells and subjected to in vitro kinase assay in the presence of 0, 50 nM, 50 µM, 

50 or 500 mM ginsenoside Rb1 (full line and closed circles) or SD208 (broken line and 

open circles). The phosphorylation of Raptor (upper), c-Myb (middle) and NLK (lower) 

was determined after 30 mins. Control (shLuc) or RPS19-insufficient (shRPS19) 

progenitors were differentiated in erythroid media alone, vehicle or vehicle containing 

50mM ginsenoside Rb1 for 5 days. QRT-PCR was performed to examine RPS19 (B) 

and NLK (C) mRNA expression. (D) NLK (upper panel) and GAPDH (lower panel) 

protein expression was assessed by Western blot analysis. (E) 5000 cells per treatment 

were lysed and immunopurified NLK was subjected to in vitro kinase assay to determine 
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phosphorylation potential against raptor. Data are displayed as means +/- SD. Statistics: 

two-tailed Student's t test, significant *P < 0.05. 

 

Figure 3. Ginsenoside Rb1-mediated suppression of NLK expression is mediated 

through 3’UTR of NLK. (A) CD34+ HSPCs were transduced with luciferase expressed 

behind a minimal promoter (left panel), behind the NLK proximal promoter (middle 

panel), or luciferase immediately upstream of the NLK 3’UTR (right panel) and 

differentiated in the presence of 0, 0.5, 5.0 or 50.0mM of ginsenoside Rb1 for 72 hrs.  

Cells were pelleted and processed for luciferase assay. (B) Schematic representing the 

many potential miRNA binding sites within the human NLK 3’UTR (upper).  

Diagrammatic representation of the full length and 5 truncated constructs fused to the 

luciferase gene and engineered to determine the metformin-responsive element within 

the NLK 3’UTR (lower). (C) After transduction of the indicated 3’UTR truncations, 

differentiating HSPCs cells were treated with indicated concentrations of ginsenoside 

Rb1 (upper panels) or metformin (lower panels) for 72 hrs and assessed for luciferase 

activity. Data are displayed as means +/- SD. Statistics: two-tailed Student's t test, 

significant *P < 0.05 

 

Figure 4. NLK suppression is through upregulation of miR-208. (A) Human CB 

CD34+ progenitors were differentiated for 4 days in the presence or absence of 50 mM 

metformin or ginsenoside Rb1 and the levels of indicated miRNAs were assessed by 

qRT-PCR. (B) CD34+ HSPCs were transduced with the indicated miRNA mimetics, or 
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treated with metformin or ginsenoside Rb1, and cultured for 72 hrs. After lysis, 

endogenous NLK expression was analyzed by qRT-PCR. Expression of miRNAs was 

also assessed (see Fig S3A). (C) K562 cells were transfected with indicated 

combinations of miRNA mimetics, or treated with metformin, ginsenoside Rb1 or a 

combination in the presence of luciferase fused to the NLK 3’UTR. Cells were cultured 

for 48 hrs and luciferase activity was assessed. (D) CD34+ HSPCs cells were 

transduced with either miR-34, miR-26 or miR-208sponges, prior to being left untreated 

or treated with metformin or ginsenoside Rb1 for 72 hrs. Endogenous NLK expression 

was assessed by qRT-PCR. Expression levels of miRNAs are reported in Fig S3B. Data 

are displayed as means +/- SD. Statistics: two-tailed Student's t test, significant *P < 

0.05 

 

Figure 5. Erythroid improvement by ginsenoside Rb1 in DBA model is through 

miR-208. (A) Human CD34+ cells were transduced with shRNA against a control 

(shLuc) or RPS19 (shRPS19) and transfected with a miR-26 or miR-208 mimetics or a 

mock control. After differentiation in the absence or presence of metformin or 

ginsenoside Rb1 for 12 days, cells were counted and the percentage of CD235+ 

erythroblasts determined by flow cytometry.  The calculated CD235+ population of each 

treatment group is represented as a percentage of the untreated control group (upper). 

(B) The population of CD11b+ myeloid cells was similarly assessed. (C) In parallel, qRT-

PCR was performed to determine mRNA expression of NLK. RPS19, miR-26 and miR-

208 expression is shown in Fig S4. (D) CD34+ HSPCs were transduced with non-

targeting or shRNA against RPS19 and luciferase fused to the NLK 3’UTR. Cells were 
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treated with 50 mM metformin and/or ginsenoside Rb1 for 12 days and CD235+ 

erythrocytes were assessed by flow cytometry. (E) Cell pellets were also assessed for 

luciferase activity as a surrogate for NLK expression.  Data are displayed as means +/- 

SD. Statistics: two-tailed Student's t test, significant *P < 0.05. N/S = not significant. 
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